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ABSTRACT 


The  evaltxation  of  prospective  materials  for  long  life  cold  cathodes  in 
crossed-field  tubes  has  involved  a  materials  investigation  (Phase  A), 
including  secondary  emission  measurements  and  the  study  of  electron  and 
ion  bombardment  effects,  and  a  second  phase  (Phase  B)  consisting  of  the 
testing  of  cold  cathodes  in  crossed-field  amplifier.  (CFA*  s)  at  medium 
to  high  power  levels. 

The  main  thrust  of  the  program  has  been  to  respond  to  the  life- 
limiting  characteristics  of  the  oxide-containing  cold  cathodes  in  the  electron 
and  ion  bombardment  environment  of  a  CFA.  The  pure  (tinoxidized)  metallic 
cold  cathodes  have  a  longer  life  expectancy  but  a  lower  secondary  emission 
ratio  (and  therefore  lower  available  current)  in  a  CFA. 

/ 

Both  the  materials  investigation  phase  and  Uie.  tube  evaluation  phase 
of  the  program  have  demonstrated  the  advantages  cf  thin  films  of  Al20^  and 
BeO,  and  impregnated  timgsten,  although  exploratory  experiments  were  also 
performed  on  other  materials  of  interest,  such  as  semiconducting  diamond, 
boron  nitride,  silver-magnesium,  and  beryllium- copper.  It  was  shows  tiiat 
dissociation  of  the  oxide  films  caused  by  electron  bombardment  in  an 
operating  CFA  can  be  overcome  by  providing  a  low  pressure  atmosphere 
of  and  that  6  can  thereby  be  stabilized  at  an  acceptably  high  value  over 
extended  periods  of  time.  CFA  life  tests  of  up  to  1000  hours  have  confirmed 
the  feasibility  of  this  approach. 

Our  experiments  performed  during  both  phases  of  the  total  program 
indicated  a  tendency  of  5  to  stabilize  at  a  value  intermediate  between  tiie 
maximum  and  minimum  values  found  as  a  result  of  repeated  electron  bom¬ 
bardment  dissociation  and  O^'^ssisted  regeneration  of  the  surface  oxides. 
This  may  be  tentatively  explained  by  assuming  that,  after  much  surface 
manipulation,  a  metal- rich  film  of  only  2-3  atom  layers  forms  at  the 
surface,  thus  protecting  the  6-enhancing  oxide  layer  underneath  from  further 
dissociation. 


The  effects  of  typical  tube  gases  other  than  on  Be  and  A1  cold 
cathodes  were  also  investigated  in  Phase  A.  The  beneficial  effects  of 

and  on  6,  observed  particularly  on  Be  cathodes,  reminded 
one  of  the  behavior  of  many  metals  which  show  a  higher  5  prior  to  degassing 
The  non-specific  nature  of  the  effect  leads  one  to  discount  surface  dipole 
effects  but  rather  to  suspect  a  connection  with  the  known  lowering  of  the 
photoelectric  work  function  due  to  gas  absorbed  perhaps  to  some  depth  into 
the  metal. 

The  work  performed  on  the  barium-calcium-aluminate  impregnated 
txingsten  cathode  demonstrated  its  stability  under  electron  bombardment 
and  in  actual  CFA  operation.  Ehiring  a  350-hr  CFA  test  the  emission 
current  boundary  stayed  practically  constant,  the  cathode  not  requiring 
any  initial  thermal  outgassing  and  activation.  The  tungsten  cathode 
impregnated  with  barium-calcium-aluminate  is  therefore  believed  to  be 
activated  by  electron  and/  or  ion  bombardment  by  releasing  Ea  from  the 
aluminate  and  enhancing  its  diffusion  along  the  tungsten  surface.  The 
high  stability  of  the  impregnated  tungsten  cathode  implies  adequate  reactiva¬ 
tion  kinetics. 

Based  on  the  results  of  this  investigation,  the  following  guidelines  are 
presented  for  the  optimum  selection  of  CFA  cold  cathode  materials. 


6 

Average  Emission 

Recommended 

Required 

Current  Density 

Required 

Emitter  Type 

>2.4 

<15  mA/cm^ 

Oxygen  assisted 

A1  or  Be 

1.9  -  2.5 

<30  mA/cm^ 

Barium-calcium- 
aluminate  impregnated 
tungsten 

<1.9  -  Pt 
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CFA  life  tests  of  up  to  1000  hours  have  demonstrated  successful 
operation  of  the  impregnated  W  emitter  as  well  as  the  oxygen-assisted  A1 
and  Be  cathodes,  with  no  indication  of  life  limitation.  Oxygen  stabilization 
can  indeed  achieve  very  long  cathode  life.  Oxygen  source  life  of  10,  000 
hours  in  a  high  stress  level  CFA  is  believed  to  be  achievable.  Both  Pt 
and  impregnated  tungsten  cold  cathodes  can  be  reliably  employed  in  applica¬ 
tions  and  tube  designs  requiring  6*  s  of  up  to  1.  8  to  2.  5,  but  higher  6 
requirements  call  for  oxide-film  cold  cathodes. 
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FOREWORD 


This  is  the  final  report  of  a  3-year  program  of  extensive  investigation, 
sponsored  by  the  Advanced  Research  Project  Agency,  with  technology  guidance 
provided  by  the  United  States  Army  Command,  Fort  Monmouth,  New  Jersey, 
to  determine  the  secondary  emission  properties  and  life  expectancy  of 
candidate  cold  cathode  materials  in  operating  microwave  crossed-field 
amplifiers.  The  total  project,  consisting  of  two  phases,  was  supervised  by 
L..  Lesensky  of  Raytheon  Company.  Principal  contributors  to  Phase  A 
(materials  investigation)  were  D.K.Das,  L.  Lesensky  and  H.H.  Miller. 

Phase  B  (CFA  testing)  contributors  were  M.Arnum,  K.W.  Dudley,  R.  A- Handy 
and  C.R.  McGeogh.  F.  T.  Hill  contributed  to  the  writing  of  the  Final  Report. 

D.  Dobischek  of  ECOM  contributed  significantly  to  technical  discussions 
and  project  review. 
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1.  PURPOSE 


The  Materials,  Processes,  and  Techniques  Group  of  the  Microwave  and 
Power  Tube  Division  of  Raytheon  Company  has  conducted  an  extensive  study 
of  selected  cold  cathode  materials  to  determine  their  secondary  emission 
properties  and  their  ability  to  withstand  the  environmental  conditions  in  an 
operating  crossed-field  amplifier.  RayUieon  Company  had  been  actively 
engaged  in  the  research  and  development  of  cold  cathode  materials'^  for 
crossed-field  devices  for  many  years  before  the  initiation  of  this  program 
of  study  sponsored  by  the  United  States  Army  Electronics  Command,  Fort 
Monmouth,  New  Jersey,  under  contract  DA-28-043-AMC-01698(E), 

✓ 

^The  objective  of  thfs  program  is  to  develop  long  life  cold  cathodes 
capable  of  enduring  bombardment  by  ions  and  large  concentrations  of  high 
voltage  electrons  over  periods  of  time  up  to  10,  000  hours. 

'1 

The  use  of  a  "cold"  cathode  is  essential  for  efficient  operation  of  devices 
being  studied  in  this  program.  It  is  necessary  that  the  cathode  emit 
principally  by  secondary  emission,  rather  than  by  thermionic  emission  in  these 
devices.  Al^ough  the  cold  cathode  does  not  require  thermal  energy  for  secondary 
electron  emission,  the  cathode  may  actually  be  at  elevated  temperature  due  to 
electron  bombardment. 


2.  INTRODUCTION 

2.  1  Properties  of  materials  for  cold  cathodes.  The  choice  of  cold 
cathode  materials  for  use  in  crossed-field  amplifiers  (CFA’s)  is  predicated  upon  the 
long  life  requirement  in  the  severe  environment  of  this  device.  A  knowledge 
therefore  of  the  following  pliysical  phenomena  of  materials  was  cc-fisidered 
essential: 

a.  Secondary  emission  ratio  (5)  as  a  function  of  primary  energy. 

b.  The  effect  of  high  electron  bombardment  current  density  on  6. 

c.  The  sputtering  erosion  of  candidate  materials  due  to  ion 
bombardment, 

d.  The  effect  of  typical  tube  gases  on  5, 

e.  The  effect  of  metal  vapors  on  6. 

f.  as  a  hinction  of  angle  of  incidence. 

Of  the  above  factors,  because  of  their  importance,  the  first  three 
(a,  b,  c)  received  &e  most  attention. 

2,  2  Significant  technical  areas  in  support  of  this  program.  The 
discussion  of  significant  technical  areas  presented  below  will  (1)  focus 
attention  on  the  desirable  properties  of  cold  cathode  materials  and  on  the 
principal  life-limiting  factors  in  CFA  operation,  and  (2)  provide  guidelines 


for  the  selection  of  c^ld  cathode  materials.  Based  on  the  above  motivations* 
certain  areas  were  selected  for  intensive  investigation.  The  discussion  is 
based  on  technical  literature  and  consultation*  and  consists  of  the  high-lighted 
technical  areas  as  follows: 

a.  The  relation  between  CFA  performance  and  secondary  emission 
properties.  This  is  expressed  principally  in  terms  of  the  emis¬ 
sion  current  boundary  (ECB)  phenomenon  in  cold  cathode  crossed- 
field  tubes. 

b.  The  basic  mechanisms  of  secondary  emission.  Kigh  secondary 
emission  ratios  (S's)  are  desirable  and*  while  attempting  to 
develop  long  life  cold  cathode  materials*  it  is  well  to  keep  those 
factors  in  mind  which  tend  to  increase  6. 

c.  Electron  bombardment  effects.  This  is  a  life  limiting  factor. 

Both  quantitative  data  concerning  the  effect  on  6  and  an  under¬ 
standing  of  the  dissociation  processes  are  desirable. 

d.  Ion  bombardment  effects.  Sputtering  erosion  is  deemed  to  be  a 
significant  factor  in  limiting  the  life  of  oxide  film  secondary 
emitters,  A  number  of  tiie  candidate  materials  under  considera¬ 
tions  in  this  program  were  oxide  Sims, 

e.  Current  transmission.  The  secondary  emitting  oxide  film  cathode 
must  be  capable  of  transmitting  large  tube  currents  (an  important 
factor  if  thick  non-conducting  Sims  are  needed  for  life). 

2.  3  The  relation  between  crossed-Seld  amplifier  (CFA)  performance 
and  secondary  emission  properties.  Crossed-field  amplifiers  exhibit  an 
emission  current  boundary  which  is  the  locus  of  emission-linnited  maximum 
current  termini  of  operating  lines  (each  operating  line  is  at  a  constant 
magnetic  Seld)  in  the  V-I  place.  One  can  understand  the  basic  phenomenon 
by  considering  a  current  balance  equation  at  the  emission  current  boundary 
(ECB)  of  the  form,  1^  ~  t^~^)Ibb* 

With  the  assumption  that  the  available  thermionic  current  is  zero*  as 
appropriate  to  cold  cathode  operation,  let  Ibb  represent  the  back-bombardment 
current*^"  la  the  anode  current*  and  6  the  effective  value  of  secondary  emission 
ratio.  If  one  asrames  that  Ibb  proportional  to  the  characteristic  current 
Ijj*  then  la  oc  .  Howe*'cr,  the  best  fit  to  experimental  data  foxjnd  in  the 

Sterature  on  cold  cathode  magnetrons^*  ^  is  a  linear  relationship 
la  =  a(Va  -  b).  The  parameter  b  is  positive  and  represents  a  threshold  voltage 
for  operation  de;ermined  by  the  lower  crossover  (voltage  at  which  6  first 
exceeds  1)  of  th.-  6  vs  Vp  characteristic  of  the  cathode  material.  The  slope 
of  the  ECB,  a*  is  proportional  to  (5-1), 

It  is  clear  that  the  larger  the  6*  the  larger  will  be  the  available  current 
at  a  given  voltage  of  operation.  This  places  a  premium  on  high  secondary 
emission  ratios.  Values  of  6  significantly  larger  than  that  of  Pt  are  not 
available  from  metals  but  must  be  sought  among  the  semiconductors  and 
insulators.  Platinum  is  not  adequate  for  many  present  and  future  CFA 
designs. 

*  A  theoretical  study  of  back-bombardment  parameters  has  been  noade  by 
J.  M.  Osepchuck  of  Raytheon  Research  Division  and  the  results  are  reported 
in  an  appendix  to  Quarterly  Report  No.  4  of  this  contract  (Technical  Report 
ECOM  01698-4).  -2- 


One  may  conclude  therefore  that  large  values  of  6  are  needed  for  future 
CFA  operating  levels  and  that  a  desirable  objective  for  a  long  life  cold  cathode 
is  a  6  of  '^4-5, 


2,4  High  secondary  emission  ratio.  This  section  will  describe  some  of 
the  significant  properties  of  materials  which  influence  the  secondary  emission 
ratio  of  metals*  semiconductors*  and  insulators  so  that  guidelines  may  be 
set  up  for  the  selection  of  cold  cathode  materials  for  a  CFA. 

The  secondary  emission  process  may  be  thought  of  as  a  two>step 
process.  First,  the  incident  primary  electron  loses  energy  as  it  penetrates 
tile  material  so  tiiat  only  a  snoall  fraction  of  its  initial  energy  results  in  the 
production  of  secondaries.  Second  in  tiie  process  is  tiie  escape  of  secondaries 
from  the  surface  of  the  material.  The  range  of  the  primaries  increases  with 
increasing  primary  energy*  while  the  maximum  depth  (escape  depth)  from 
which  low  energy  secondaries  can  be  extracted  from  the  surface  is  independent 
of  the  primary  energy.  This  phenomenon  is  responsible  for  the  existence  of 
a  maximum  in  the  dependence  of  5  on  primary  energy  (and  the  maximum 
occurs  when  the  primary  range  is  approximately  equal  to  the  escape  depth). 

The  secondary  emission  ratio  (5)  for  metals  i^jrxzx.  normal  incidence) 
varies  from  0,  5  for  Ld  to  1,  9  for  Ir,  and  is  limited  by  the  scattering  of 
secondaries  by  conduction  electrons.  Absence  of  a  temperature  dependence 
of  6  for  metals  indicates  the  minor  role  played  by  lattice  vibrations. 

Contrary  to  what  cue  might  expect,  Sma-r  for  clean  metals  (no  absorbed 
surface  layer)  is  found  to  increase  slowly  witii  increasing  work  hmction.  ^ 
However*  adsorbed  surface  layers*  which  can  lower  the  work  function  ( ^  )  by 
creating  a  dipole  layer  of  the  proper  sense*  do  in  fact  increase  6  by  increase 
ing  the  esc^>e  probability  of  secondaries.  For  exam|de*  the  adsorption  of 
thorium*  ‘barium,  ®  or  sodium^  on  tungsten  increases  its  secondary 
emission  yield  and  reduces  its  work  hinction. 

It  is  known  that  6  is  proportional  to  tiie  number  of  electrons  per  unit 
volume  and  increases  witii  the  density.  Stemglass^^  correlated 
witii  the  position  of  metals  within  the  periodic  system  of  the  elements* 
showing  that  the  yield  rises  in  each  horizontal  line  of  the  periodic  chart  fi  om 
the  alkali  metals  to  the  multivalent  oites. 

The  universal  yield  curve  shows  the  sinriturity  of  the  6  vs  Vp  (primary 
voltage)  characteristic  for  various  materials.  This  was  pointed  out  by 
Baroody^^  who  plotted  6/Smar  vs  Vp/Vp  .  Several  theoretical  expres¬ 
sions  for  the  normalized  universal  curvem^e  been  derived  and  compared 
with  experimental  data.  The  original  Barcxidy- Braining  derivation  was 
based  on  Whiddington' s  Law  for  the  energy  loss  of  primaries.  This  deviates 
significantly  for  V-/Vp  >  1  by  falling  below  tiie  experimental  data. 

Better  agreement  for  a  theoretical  cmrve  based  on  a  pcwer  law  for 

the  practical  range  of  primaries  Rp  ~  (Vp)^  with  a  value  of  the  exponent 
n  =  1.  35.  On  tills  basis  the  secondaries  are  produced  principally  near  the 
end  of  the  range,  if  the  scattering  of  primaries  is  taken  into  account,  one 
obtains  the  "constant  loss"  cmrve*  for  which  the  energy  dissipation  is 
constant  tiiroughout  the  range.  The  constant  loss  curve  proi^ides  good 
agreement  with  experimental  data  and  is  tiie  one  used  for  comparison  with 
tiie  data  pre  lented  in  this  report. 


t 
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Due  to  the  basic  limitations  of  metals,  the  quest  for  high  6  materials 
leads  oae  to  semiconductors  and  insulators.  The  range  of  secondaries  in 
insulators  is  enhanced  by  the  absence  of  conduction  electrons.  Small-gap 
semiconductors  have  low  6's  because  of  the  presence  of  sufficient  conduction 
electrons  for  the  scattering  of  secondaries.  The  criterion  for  high  6  in 
intrinsic  semiconductors  or  insulators  is  based  on  the  ratio  of  electron 
affinity  to  band  gap  (x/Eg)*  The  high  6  for  MgO  is  based  on  this  criterion. 

A  small  value  of  X^Eg  implies  a  long  range  for  the  low  energy  secondaries 
and  a  concomitant  increase  of  the  yield  as  compared  to  a  metal  or  small-gap 
semiconductor.  Possible  mechanisms  of  energy  loss  for  secondaries  in 
insulators  are  (1)  electron-phonon  interaction,  (2)  interaction  with  valence 
electrons  (if  the  excitation  energy  of  the  secondaries  in  the  conduction  band 
is  greater  than  the  interbaad  gap),  and  (3)  interaction  with  lattice  defects. 

The  second  of  these  is  insignificant  for  wide  band  gap  insulators.  The  larger 
dependence  of  6  on  temperature  in  insulators  than  in  metals  implies  the 
greater  role  of  phonon  interaction  in  the  case  of  insulators. 

An  insulator  may  be  used  as  a  cold  cathode  in  a  CFA  if  it  is  used  as  a 
thin  film  on  a  metalic  substrate  (because  of  the  limited  conductivity  of  the 
Insulator  }*  If  the  insulator  film  is  thin  enough  (comoarable  to  secondary 
escape  depth)  then  the  substrate  may  play  a  role.  It  is  desirable  to  use  a 
high  atomic  number  substrate  to  provide  sigxiificant  back- scattering  of  the 
primaries  and  subsequent  increase  in  secondary  generation  within  the 
insulating  film. 

Another  factor  which  may  hi  of  significance  is  file  observation  that 
crystalline  films  have  a  higher  y:  'd  than  amorj^ous  films  (or  ones  having 
very  small  crystallite s )«  Therefore,  it  would  he  desirable  to  process  the 
emitter  so  as  to  produce  a  crystalline  insulating  film. 

On  the  basis  of  the  above  discussion  it  can  be  seen  that  crystalline 
oxide  films  on  a  metallic,  high  atomic  number,  r«i:fractory  substrate  represent 
candidate  cold  cathode  materials.  MgO,  AI2O3,  or  BeO  films  on  a  Pt 
substrate  are  examples  of  this. 

Another  approach  is  the  use  of  a  cermet  or  impregnated  cathode  in 
which  a  porous  metallic  matrix  is  filled  with  high  6  material.  Recently 
published  reports  ^5,  16  ^re  encouraging  in  this  regard,  particularly  for  the 
Ifi  cermet  cathode  with  a  measured  6  of  about  5  and  capable  of  withstanding 
significant  electron  bombardment  when  operated  at  an  optimum  temperature 
of  600°  C  (warm  catihode  operation).  It  should  be  noted  that  the  requirement 
for  rf  shxitoff  in  the  CFA  may  necessitate  a  compromise  with  the  optimum 
operating  temperature. 

Still  another  approach  would  consider  certain  semiconductors,  such  as 
heavily  p-doped  GaAs.  According  to  recent  work^*^  on  the  liotoemissive 
properties  of  cesiated  p-doped  GaAs,  the  diffixsion-recombination  length  is 
‘~103a.  It  is  speculated  that  the  secondary  emission  ratio  of  the  uncesiated 
p-doped  GaAs  may  also  have  a  reasonably  good  6  in  terms  of  the  objectives 
of  the  present  pre^  ram. 
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Ih  summary,  one  may  list  the  following  for  achieving  high  6  materials 
for  cold  cathodes  in  a  CFA: 

a.  High  6  oxide  films  on  a  refractory,  high  atomic  number 
substrate.  The  oxide  film  may  be  doped  to  achieve  conductivity. 

b.  Cermet  or  impregnated  cathodes. 

c.  Semiconductors,  such  as  p-doped  GaAs,  having  a  long  recombina¬ 
tion  length. 

2,  5  Electron  bombardment  effects.  The  principal  requirements  of  a 
cold  cathode  in  a  CFA  is  a  sufficiently  high  secondary  electron  enoission  ratio 
for  the  energy  level  of  the  back-bombardment  electrons.  Additional  require¬ 
ments  are  (1)  no  deterioration  of  this  secondary  yield  below  a  desired 
minimum  value,  and  (2)  a  depletion  rate  of  the  emitter  material  sufficiently 
low  so  that  a  pre-ascertained  life  may  be  achieved. 

With  the  above  requirements  in  mind  we  may  proceed  to  evaluate  file 
effects  of  electron  bombardment  on  the  various  types  of  secondary  emitters, 
i.  e. ,  metals,  semiconductors,  and  insulators. 

2.  5,  1  Metals.  The  effect  on  metals  is  likely  to  be  insignificant.  If 
the  backbombardment  electrons  were  to  arrive  on  the  cathode  at  an  energy 
of  1000  volts  and  a  current  density  of  1  amp/cm2,  and  if  secondary  emission 
occurred  at  a  6  of  2.  0  with  energies  of  approximately  5  electron  volts,  the 
balance  of  power  of  990  watts/cm^  area  of  the  cathode  must  be  removed 
from  the  cathode.  The  rate  of  removal  must  be  sufficiently  fast  to  keep  the 
surface  temperature  low.  If  the  temperature  is  maintained  such  fiiat  the 
surface  of  the  cathode  never  exceeds  a  vapor  pressure  of  10”10  torr,  no 
problem  is  envisioned.  At  lO*”^®  torr  vapor  pressure,  the  cafiiode  surface 
will  lose  a  mono-layer  in  roughly  5  hours  due  to  evaporation.  For  Pt  the 
temperature  is  approximately  1100®C  for  10”  torr  vapor  pressure. 

As  for  metals,  only  three,  Pt,  Ir,  and  Os  have  a  chance  of  becoming 
serious  contenders  for  consideration.  For  the  purpose  of  this  program  the 
metals  n^y  be  considered  of  subsidiary  significance,  since  their  6  limit 
tube  design  possibilities. 

2,  5.  2  Semi  conductor  s.  Elemental  semiconductors  do  not  possess 
high  6's.  Their  6's  may  be  improved,  however,  by  depositing  mono-layers 
of  low  work  fanction  elements,  such  as  Na  or  Cs  etc  on  the  surface.  But  it 
is  extremely  unlikely  that  the  cathode  could  go  through  bake-out  cycles  and 
retain  such  a  coverage.  In  the  event  that  the  coverage  is  applied  afier 
bakeout,  then  for  a  cesium  mono-layer,  the  temperature  of  operation  will  have 
to  be  -10'*C  for  a  vapor  pressure  of  10”®  torr  and  75‘'C  for  Na  for  the  same 
vapor  pressure. 

There  is  a  possibility  that  heavily  p-doped  GaAs  may  have  a  high  enuu^ 
secondary  emission  ratio  to  satisfy  the  needs  of  the  CFA  even  without  s.  low 
work  fanction  coverage.  However,  there  is  a  likeliho^  that  it  mi^t  evaporate 
during  bake-out,  since  As  has  a  vapor  pressure  of  10”®  torr  at  105  C,  It 
would  thus  be  difficult  to  maintain  the  cathode  intact  through  the  bakeout  cycle 
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unless  gallium  arsenide  is  a  true  chemical  compound  with  an  arsenic  vapor 
pressure  substantially  lower  than  that  of  elemental  arsenic. 

No  data  on  the  decomposition  of  GaAs  due  to  electron  bombardment  are 
available.  However,  it  is  expected  that  Ga  and  As  would  be  released  by  the 
bombardment  process  and  subsequently  evaporated  according  to  the  elemental 
vapor  pressure.  It  is  desirable  that  the  elemental  components  evaporate  at 
equal  rates  in  order  to  maintain  the  6  prooerties  during  electron  bombardment 
life. 


2.  5.  3  Instilator s.  Of  the  insulators,  the  best  candidates  at  present  are 
the  oxides,  such  as  AI2O3,  MgO,  BeO,  and  BaO.  They  do  possess  high 
secondary  emission  ratios,  but  ^ey  also  have  low  electrical  and  thermal 
conductivities,  and  they  decompose  when  bombarded  by  electrons.  These 
problems  can,  however,  be  overcome. 

For  the  moment  let  us  consider  the  largest  problem  area,  that  of 
chemical  decomposition.  As  early  as  1936,  Headrick  and  Lederer^®  showed 
that  oxides  such  as  nickel  oxide  or  copper  oxide,  on  being  bombarded  by 
electrons,  would  release  gases  and  thus  render  vacuum  tubes  gassy,  causing 
a  resultant  low  emission  of  thermionic  cathodes.  The  first  quantitative  work 
in  this  field  was  reported  by  Jacobs,  19  who  demonstrated  that  when  an 
electron  reaches  a  critical  energy,  it  is  capable  of  decomposing  an  oxide  into 
its  component  metal  and  oxygen.  This  critical  energy  is  roughly  equivalent 
to  the  heat  of  formation  of  file  oxide.  Assuming  that  23  kilogram  calories/ 
mole  is  equivalent  to  1  electron  volt/molecule,  we  find  that  it  will  require  no 
more  than  5  to  15  electron  volts  to  decompose  such  highly  refractory  oxides 
as  MgO,  BeO,  Th02,  etc.  Much  literature20“24  since  been  published 
giving  similar  results  as  Jacobs’  original  work.  In  addition,  work  done  at 
Xlaytheon  Company^S  to  study  the  effect  of  back-bombardmcnt  on  magnetron 
cafiiodes  revealed  extensive  decomposition  of  Th02  in  thoria  tungsten  cermet 
cathodes. 

Z6  ZT  ZB 

More  recent  work  ’  ’  °  has  shown  the  dependence  of  the  extent  of 

decomposition  on  the  current  density.  Claims  are  made  that  this  dependence 
varies  from  the  linear  to  the  square  of  the  current  density.  However,  a 
conservative  estimate  would  be  that  for  lO^  electron  impacts,  one  molecule 
will  decompose.  27  This  seems  to  be  a  rather  inefficient  process,  but  it  is 
still  quite  significant  from  our  point  of  view  when  the  total  number  of  impacts 
are  considered. 

Assuming  that  back-bombardment  current  deni^ity  is  1  amp/cm^  of 
cathode  surface,  we  c«ui  expect  a  10,  000  hour  life  at  0.  1%  duty  cycle.  With 
Ifll^  molecules  of  oxide /mono -lay  er/cm2,  and  a  thickness  of  each  layer  of 
about  4A,  the  following  calculations  can  be  made; 
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Total  No.  of  electron  „  .  .  o 

impacts  per  cm2  =  10,  000  x  17177  x  3600  x  6.  2  x  10 

during  10,  000  hours 

23 

=  2.  23  X  10 

No,  of  decomposed  =  2.  23  x  10^^  x  10  =  2.  23  x  10^^ 

molecule  s 

Total  thickness  of  =  2.  23  x  10^^  x  lO”^'  x  4A 
decompo  sition 

«  looA 

A  layer  lOOA  thick  is  thus  estimated  to  provide  10,  000  hr  of  electron- 
bombardment  depletion  life  under  the  assumed  limited  operating  conditions. 

The  back-bombardment  current  density  and  duty  cycle  may  each  be  an  order 
of  magnitude  larger  than  assumed.  Further,  in  addition  to  depletion  life 
requirements,  there  are  additional  factors  which  call  for  larger  film  thick¬ 
nesses. 

Besides  decomposition  of  the  oxide,  a  further  complication  develops 
from  selective  evaporation  of  the  decomposition  products  from  the  bcmbarded 
surface.  As  shown  by  Wargo  and  Shephe7d27  there  may  be  a  difference  of  a 
factor  of  1000  between  oxygen  evolution  and  that  of  the  metal.  Their  exam^de 
was  for  SrO  with  a  bombarding  energy  of  300  volts  and  a  current  density  of 
25  mA/cm2,  Oxygen  evolution  was  Approximately  10^2  atoms/cm2,  whereas 
evolution  of  Sr  was  10^  atoms/cm^.  This  difference  must  be  due  to  differences 
in  the  vapor  pressures  of  the  two  consponents.  Oxygen,  having  a  vapor  pressure 
which  is  orders  of  magnitude  higher  than  that  of  the  metal,  readily  leaves  the  sur¬ 
face,  and  the  metal  stays  behind.  If  this  process  is  allowed  to  continue  for  very 
long,  the  surface  of  the  cathode  eventually  becomes  metallic,  and  thus  becomes 
a  low  secondary  emission  surface.  Obviously,  if  the  cathode  were  to  be 
hi.  ated  to  an  el.evated  temperature,  the  vapor  pressure  of  the  metal  would  rise 
and  cause  the  metal  atoms  to  evaporate  simultaneously.  This  has  recently 
been  shown  in  a  Russian  paper  ^5  for  the  case  of  BaO.  There,  an  optimum 
temperature  was  shown  to  be  around  600* C  to  maintain  a  hi^  secondary 
yield  on  continuous  bombardment  at  a  fairly  high  value  of  current  densi^ 

(60  mA/cm2)  at  1000  V. 

2.  6  Ion  bombardment  effects.  Because  of  the  iocation  of  the  secondary 
emitting  cathode  (inside  the  CFA),  it  is  expected  that  the  cathode  surface  will 
be  subjected  to  positive  ion  bombardment.  A  rough  estimate  shows  that  this 
can  amount  to  a  current  density  of  5.  0  pA/cm2  at  the  cathode  surface.  It  is 
expected  that  this  ion  bombardment  will  cause  a  serious  limitation  in  cathode 
life. 

When  a  surface  is  bombarded  by  positive  ions,  momentum  transfer 
occurs  between  die  bombarding  ions  and  the  atoms  or  molecules  on  the 
surface.  If  sufficient  energy  is  acquired  by  an  atom,  it  could  conceivably 
leave  the  surface.  This  is  Imown  as  sputtering.  The  sputtering  yields  and  the 
threshold  energies  of  almost  all  metals  and  some  semiconductors  when 
bombarded  by  He+,  Ne+,  Ar'^  Kr+,  Xe+,  and  Hg+  ions  have  been  measured 
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by  many  investigators  in  the  field.  An  excellent  review  of  the  subject  has  been 
published  by  Stuart  and  Wehnsr^  However,  very  little  has  been  done  or 
published  for  insulators,  mainiy  because  of  the  experimental  difficulties 
resulting  from  surface  chafing  of  bulk  insulators.  Insulators  can  be  readily 
sputtered  by  rf  techniques,  ^  although  quantitative  results  are  difficult  to 
obtain.  As  a  result,  very  little  literature  on  this^  subject  has  been  published. 

We  have  been  able  to  locate  only  2  references'^*  where  dc  sputtering  was 
carried  out  on  extremely  thin  films  of  insulators  to  avoide  charge  buildup. 
Very  limited  amounts  of  data  are  available  from  which  any  kind  of  an  estimate 
can  be  made. 

It  is  believed  that  when  an  insulator  is  removed  by  sputtering,  the 
individual  particles  leaving  the  surface  go  off  in  the  same  molecular  species 
as  they  existed  on  the  bombarded  surface.  This  has  no  significance  in  the 
case  of  metals  or  elemental  semiconductors,  but  in  the  case  of  compound 
semiconductors  and  insulators  such  as  oxides,  the  implication  is  that  there 
is  no  chemical  change  of  a  portion  of  Hie  surface  material.  We  must  remember 
that  the  sputtering  phenomenon  described  in  the  literature  is  based  mostly  on 
that  due  to  noble  gas  ions.  Such  is  not  the  case  for  our  cold  cathode  in  the 
CFA.  Instead,  the  positive  ions  are  of  the  ordinary  residual  tube  gases,  such 
as  112,  N2,  CO,  CO2,  etc.  Therefore,  experimental  evaluation  of  the  effect 
of  sputtering  by  positive  ions  of  these  gases  on  the  emitting  surfaces  were  of 
interest  in  this  program.  Ion  bombardment  studies  in  N2  atmosphere  have  re¬ 
sulted  in  experimental  data  about  (1)  the  depletion  cf  surface  material  due  to 
ion  bombardment  as  a  function  of  current  density  and  ion  energy,  and  (2)  the 
effect  on  the  secondary  emission  of  the  surface  (before  complete  depletion). 

It  is  difficult  to  estimate  the  sputtering  losses  of  the  cathode  surface 
due  to  .ion  bombardment  inside  the  CFA  because  the  known  values  are  for 
noble  gas  ion  bombardment.  Some  of  the  published  data^^  indicate  that  with 
an  atom-to-ion  ratio  of  1  at  5  kV  ion  energy  Pt  has  a  reasonably  high  sputter¬ 
ing  yield.  Al,  Mg,  and  Be  should  not  have  a  ratio  more  than  0.  5  at  5  kV. 

For  the  oxides  of  Al,  Mg,  and  Be  it  is  suspected  that  the  ratio  may  not  be 
more  than  0.  1  molecule /ion  at  5  kV  when  ordinary  gases  are  used  to  produce 
positive  ions.  The  figures  given  above  are  based  on  rough  estimates  from 
charts  in  reference  33  and  values  for  oxides  in  reference  32.  The  simple 
calculations  shown  below  are  carried  out  to  illustrate  the  depletion  of  ^  and 
oxides. 

If  the  platinum  is  exposed  to  an  ion  current  density  of  5  pA/cm^  at 
5  kV  energy,  then: 

-*6  18 

a.  Number  of  atoms  =  i  x  5  x  10”  x  6.  2  x  10 

sputtered /sec 

=  3.  1  X  lO^^/sec 

b.  Life  per  mono-layer  =  - —  ■■--yo  •  =  32  sec 

3. i  X  10^^ 
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c 


Life  for  100  A  laver 


800  sec 


2. 03  X  1  o’  sec  =  °  ■  =  5,  640  hours. 

A  1 00  A  layer  of  an  oxide  bombarded  under  the  same  conditions  as 
quoted  for  Pt  would  have  a  life  of  8,  000  sec  (because  the  atom-to- 
ion  ratio  is  only  1/10  of  that  of  Pt). 


The  above  values  are  for  continuous  bombardment.  If  the  bombardment 
were  carried  out  at  0.  1%  duty  cycle,  the  life  expectancy  of  an  oxide  layer  is 
8000  X  10^  sec.  or  2200  hours.  For  a  10,  000  hour  life  a  thiclcness  of  SOOA 
would  be  required,  and  for  a  1%  duty  cycle  the  required  thickness  would  be 

soooA. 

Because  of  the  over>all  damage  resulting  from  the  combined  effects  of 
electron  and  ion  bombardment,  it  is  seen  diat  the  thickness  of  tiie  emitter 
(for  a  0,  1%  duty  cycle)  must  be  around  600A.  However,  it  should  be  home 
in  mind  that  the  rough  calculations  expressecl  here  were  based  on  estimates  only 
of  the  decomposition  rates  restating  from  the  electron  bombardment  and  of  the 
sputtering  yields  due  to  ion  bombardment. 

2.  7  Current  transmission.  Our  study  has  included  an  investigation  of 
problems  connected  with  current  transmission  through  thin  insulating  films. 

Very  thin  insulating  films  (thickness  <  lOOA)  ca^n  possess  enhanced  conduc¬ 
tivity  due  to  tunneling  and  Schottky  effects,  and  as  such  they  may  be  capable 
of  transmitting  the  high  current  density  (~  1-lOA/cm^)  required  in  a  CFA, 
However,  thicker  films  (~500-lC00A)  will  likely  be  needed  for  long-life 
operation  of  these  thin  film  cathodes,  and  therefore  problems  wifii  the 
effective  conductivity  of  such  films  will  be  created  (in  extreme  cases  one  has 
to  contend  with  the  bulk  conductivity).  Assuming  a  conductivity  (o)  s  10“^^ 
mho /meter,  one  can  compute  the  power  dissipation  and  potential  drop  in  a 
lOOOA  thick  film  of  AI2O3,  1  cm^  in  area,  and  transmitting  1  A/cm^. 
power  to  be  dissipated  would  be  10^  watts /cm^  and  tiie  potential  drop  iO”  volts. 
Clearly,  the  conductivity  must  be  much  larger  than  the  bulk  value  for  thin 
insulating  films  to  be  feasible.  One  approach  to  the  solution  of  this  problem 
is  the  introduction  of  metallic  doping  in  the  insulating  film.  Recent  work  by 
Spindt  and  Shoulders^^  indicates  that  the  secondary  emission  ratio  of  an 
alumina  film  was  not  significantly  degraded  by  the  addition  of  molybdenum  as 
a  dopant  for  doping  levels  up  to  ~30  weight%  Mo.  That  the  conductivity  of 
such  doped  coatings  appears  to  be  sufficiently  hi^  for  the  CFA  application  is 
encouraging.  'Variants  of  Mo-doped  AI2O3  were  considered  in  this  program 
as  a  means  cf  achieving  the  most  desirable  combination  of  secondary  emissica. 
conductivity,  andlong-life  (resistance  to  electron  and  ion  bombardment)  properties. 

Another  residt  of  poor  conductivity  is  the  presence  of  charging  effects. 
These  occur  when  electrons  bombard  an  insulator  imder  conditions  for  which 
6  >  1.  An  important  parameter  to  consider  in  this  regard  is  what  mig^t  be 
termed  the  "time  constant"  of  the  roateriaL  Consider  the  "condenser" 
represented  by  tiie  insulating  film  between  the  vacuum-iusrslator  and  the 
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metal-ins%ilator  interfaces.  The  product  of  resistance  and  capacitance  is  the 

time' constant  of  the  condenser.  It  is  found  that  RC  is  equal  to  K  6  /or  and 

depends  only  upon  the  properties  of  the  insulating  film.  Thus  the  8me  constant 

of  the  material  is  t=  Ke  /«■ . 

o 

where  "K  =  relative  dielectric  constant 
=  permittivity  of  free  space 
«r  =  conductivity 

If  one  assumes  K  =  10  and  «r  =  10  mho/meter  for  Al?03,  one  obtains 
T  =  100  sec.  Larger  or  smaller  values  of  t  are  possiMe  (depending  on  the 
method  of  preparation  of  the  alumina  film  and  on  its  thickness,  since  they 
influence  the  effective  value  of  v ).  The  effect  of  introducing  metal  doping  in 
the  insulating  film  will  be  to  reduce  t  so  fiiat  any  localized  charge  in  the 
insulator  will  spread  out  evenly. 

We  may  state  in  summary  that  an  additional  degree  of  freedom  may  be 
attained  in  solving  the  current  transmission  problem  by  incorporating  a 
metallic  component  in  the  film.  Accordingly,  various  forms  of  metal-metal 
oxide  combinations  were  considered  in  this  program. 

2,  8  Summary  of  guidelines  for  the  selection  of  cold  cathode  .naterials 

We  have  explored  the  various  phenomena  and  materials  properties 
which  determine  satisfactory  operation  with  long  life  in  a  CFA.  It  has  been 
pointed  out  that  certain  metals,  notably  Pt,  are  to  be  preferred  whenever  the 
6  of  Pt  is  sufficient  to  provide  the  desired  anode  current.  If  higher  6’s  are 
required,  then  the  several  approaches  discussed  heretofore  may  be  considered. 
Therefore,  some  important  factors  and  guidelines  relevant  to  materials 
selection  are  listed  below. 

a.  High  secondary  emission  ratio.  A  normal  incidence  maximum 
value  of  6  of  ~4-5  is  considered  desirable.  Literature  values, 
whenever  they  existed,  and  measurements  on  candidate  materials 
taken  in  the  laboratory  were  used  as  a  basis  for  selection. 

b.  Electron  bombardment  resistance.  The  ability  to  w.chstand  high 
electron  current  bombardment  is  a  criterion  for  the  choice  of 
materials.  For  this  purpose,  data  were  taken  in  the  present 
program  on  the  deterioration  of  i  due  to  electron  bombardment 
for  various  materials. 

c.  Ion  bombardment  life.  Materials  selection  must  consider  sputter¬ 
ing  erosion  due  to  ion  bombardment.  This  was  evaluated  for 
candidate  materials. 

d.  Crossed- field  amplifier  performance.  In  addition  to  directly 
measured  6  values,  information  as  to  effective  6's  in  the  CFA 
is  obtained  from  the  ECB  (emission  current  boundary).  In  view 
of  the  anomalously  high  effective  6  for  AI2O3  on  /.I  cathodes  in 
the  CFA,  one  must  consider  insulating  films,  or  more  specifically 
oxide  films,  in  a  speciad  category.  They  were  considered  for  CFA 
evaluation  even  if  directly  measured  6  values  were  only  ~  2-3. 
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e.  Ability  to  withstand  tube  processing.  Additional  criteria  are  vapor 
pressure,  film  adherence,  and  other  pertinent  properties  which 
relate  the  ability  of  the  cathode  material  to  retain  its  mechanical 
and  chemical  integrity  through  tube  bakeout  and  operation. 

3.  FACTUAL  DATA  -  PHASE  A  -  MEASURABLE  PROPERTIES 
OF  GOLD  CATHODE  MATERIALS 

Phase  A  of  this  program  involved  an  investigation  of  the  |dienomena  and 
material  properties  of  cold  cathodes,  and  the  testing  of  specific  matex'ials, 
semiconductors  and  insulators.  Utilized  for  these  tests  were  the  following 
primary  test  vehicles: 

a.  Secondary  Electron  Emission  Test  Vehicle  (SEE) 

b.  Hot  and  Cold  Electron  Bombardment  Test  Vehicle  (EBV) 

c.  Ion  Bombardment  Vehicle  (IBV) 

Section  3,  1  of  this  report  describes  all  testing  performed  in  the  SEE. 
Secondary  emission  ratios  of  selected  materials  were  evaluated  for  the  follow¬ 
ing  parameters: 

a.  Chemical  composition 

b.  Film  thickness 

c.  Method  of  preparation 

d.  Effect  of  material  outgassing 

e.  Effect  of  heat  with  variations  in  temperature  and  time. 

Sections  3.  2  and  3.3  of  this  report  describe  all  tests  performed  for  the 
evaluation  of  secondary  emitters,  including  those  tested  in  the  Electron  Bom¬ 
bardment  Vehicle. 

Secondary  emission  ratios  of  selected  materials  were  evaluated  under 
the  following  conditions: 

a.  Electron  bombardment  in  the  range  of  0.  15  A/cm^  to  0.  75  A/cm^ 

b.  Partial  gas  pressure  of  O2,  N2,  CO2,  and  H2 

c.  Constant  electron  bombardment  for  varying  periods  of  time. 

fection  3.4  describes  the  tests  conducted  with  the  Ion  Bombardment  Vehicle 
and  the  subsequent  measurement  of  secondary  emission  ratios  of  the  sputtered 
samples  in  the  Secondary  Emission  Measurement  Vehicle. 

The  test  vehicles  are  described  briefly  in  the  pertinent  sections  of  this 
report.  Detailed  descriptions  of  the  test  vehicles  are  contained  in  the  pre¬ 
vious  quarterly  reports  referred  in  the  bibliography. 

The  test  results  for  secondary  emission  measurements,  electron 
bombardment,  and  ion  bombardment  have  been  categorized  into  3  groups: 
metals,  semiconductors  and  insulators. 
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The  effects  on  secondary  emission  ratios  due  to  the  phenomena  associated 
with  the  properties  of  cold  cathode  materials  is  summarized  at  the  end  of  each 
section  of  Phase  A. 

3,  1  Secondary  emission  measurements.  The  apparatus  used  for  the 
measurement  of  secondary  electron  emission  was  described  in  detail  by 
K,  Dudley  ^  of  this  laboratory  and  is  shown  by  Figure  3-1.  Briefly,  the 
secondary  emission  test  vehicle  (SEE)  is  a  demountable,  stainless  steel 
structure  having  a  glass  viewing  window  and  provision  for  10  targets.  A 
cross-sectional  drawing’of  the  vehicle  is  shown  in  Figure  3-2.  Indexing  of 
the  rotatable  target  holdex'  is  accomplished  through  the  use  of  a  small  external 
magnet,  and  an  electron  bombardment  heater  can  be  used  to  outgas  or  other¬ 
wise  heat  the  samples  individually.  The  vacuum  system  consists  of  an  oil 
diffusion  pump  wi^  a  cold  trap  for  fast  pumpdown,  a  1-1/2  inch  bakeable 
isolation  valve,  and  a  sputter  ion  pump  with  a  titanium  sublimation  booster 
for  a  final  vacuum  of  x  10"9  torr.  The  test  vehicle  is  bakeable  at  400 C. 

The  rotor,  on  which  the  10  targets  are  mounted,  is  shown  in  Figure  3-3. 

A  Pt  target  is  typically  included  as  a  "standard”  to  provide  a  reference  point 
for  normal  behavior. 

Figure  3-4  shows  typical  SEE  results  for  secondary  emission  ratio  (6) 
vs  primary  energy  for  a  platinum  target.  This  data  was  used  as  a  control 
or  standard  for  subsequent  measurement  of  other  materials  in  the  SEE. 

3.  1,  I  Preparation  of  samples.  Whereas  the  metals  and  semiconductors 
could  be  tested  in  bulk  form,  and  test  samples  were  therefore  comparatively 
easy  to  fabricate,  the  oxides,  being  insulators,  bad  to  be  tested  in  thin  film  form 
or  impurities  had  to  be  deliberately  introduced  in  order  to  tailor  some  of  the 
physical  properties.  Sample  preparation  of  the  insulators  therefore  became  a 
specialized  effort  in  this  program.  In  addition,  various  analytical  studies  such 
as  resistivity  measurements  and  chemical  and  structural  analysis  were  reqtiired. 


Once  we  decided  to  form  a  thin  film  oxide  on  a  metallic  substrate,  a 
number  of  preparation  approaches  were  possible.  These  are  briefly  described 
below. 

a.  Controlled  oxidation  of  the  metal  (to  form  a  surface  layer  of 
the  oxide)  -  As  an  example,  the  metal  aluminum  can  be  oxidized 
to  form  alumina.  This  can  be  achieved  by  either  oxidation  at 
elevated  temperatures  in  an  oxidizing  atmosphere  or  by  electro¬ 
chemical  means,  known  as  anodization. 

b.  Chemical  vapor  deposition  -  The  vapor  of  a  chemical  compound  of 
the  metal  is  allowed  to  come  in  contact  with  a  heated  substrate 
with  the  result  that  the  conr.pound  decomposes  and  deposits  metal 
on  the  substrate*  The  ambient  atmosphere  can  be  controlled  so 
as  to  be  oxidizing  in  nature,  in  which  case  the  metal  would  deposit 
on  the  substrate  in  its  oxide  form. 
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Figure  3-2,  Secondary  Emission  Electron  Test  Vehicle 
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c<  Electron  beam  evaporation  -  The  insulator  to  be  used  is  placed 
in  a  water-cooled  copper  crucible  and  bombarded  by  electrons  to 
reach  evaporation  temperatures.  The  substrate,  in  position 
above  the  crucible,  receives  the  evaporated  insulator  deposits. 

d.  ^nttering  -  In  this  process  the  material  to  be  deposited  is 
bombarded  by  positive  ions  of  an  inert  gas  such  as  Argon,  after 
which  sputtered  materials  are  caught  on  the  surface  of  the 
substrate.  In  the  case  of  insulator  bulk  materials,  ordinary  dc 
sputtering  is  not  possible  and  rf  sputtering  has  to  be  employed. 

e.  Reactive  sputtering  -  instead  of  an  insulator,  tiie  metal  can  be 
sputtered  by  a  dc  technique  In  an  oxidizing  atmosphere.  This 
results  in  the  formation  of  an  oxide  layer  on  the  substrate. 

Of  methods  lifted  above,  a  and  c  were  used.  Figure  3-5  shows  the  bell 
jar  set-up  in  which  electron  beam  evaporation  is  carried  out. 

3.  1.  2  Secondary  emission  ratio  as  a  function  of  angle  of  incidence,  hi 
conjunction  with  our  interest  in  resolving  the  anomaly  of  the  high  effective  6 
of  AI  when  used  as  a  cold  cathode  in  a  CFA  we  investigated  the  secondary 
emission  ratio  of  Al  cathodes  as  a  function  of  the  incident  angle  of  tiie  primary 
electrons. 

The  samples  were  aluminum  oxidized  in  air  at  temperatures  rang^g  from 
room  temperatures  to  400*’C.  The  thickness  of  the  films  formed  on  the  samples 
were  measured  by  a  voltage  breakdown  technique.  Measurements  of  the  air 
oxidized  samples  never  showed  a  film  thickness  exceeding  50A. 

Several  AI  samples  were  mounted  at  different  angles  to  the  incident 
beam  in  the  multiple  target  holder,  and  data  of  6  vs  Vp  were  obtained  for 
6=0°  (normal  incidence),  20**,  40°,  and  70°.  Reasonable  agreement  was 
obtained  for  two  independent  sets  of  samples  in  two  runs.  Data  of  6  vs  V 
are  shown  in  Figure  3-6  for  a  set  of  4  Al  samples.  The  Pt  standard  was^ 
included  and  showed  normal  behavior.  Apart  from  the  relatively  low  f  value 
for  the  40°  sample,  several  features  of  the  data  are  in  agreement  wifii 
fiieoretical  expectations.  The  measured  values  of  Vp  for  various  values 
of  incidence  are  tabulated  below. 

6  (in  degrees}  ^Pmax 


n 

400 

20 

500 

40 

6C0 

70 

800 

Accar^ng  to  simplified  theory  Vp  should  be  inversely  proportionstl 
to  (cos  0  r*.  Thus  Vp  for  6  =  70°  snomd  be  1.  7  times  as  large  as 
VptT\a-r  6=0°.  Tms  IS  close  to  fee  observed  factor  of  2.  The  6  data  for 
1^20,  and  70°  samples  are  in  qualitative  agreement  wife  the  expected 
increase  in  increasing  angle  of  incidence.  Alfeou^  more  accurate 

data  for  fee  variation  of  5max  wife  6  could  be  obtained  by  using  a  single 
rotatable  sample,  our  data  allows  one  to  conclude  that  the  variation  is  not 
greater  than  fee  "classical”  dependence,  as  given  by: 
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Figure  3-6.  Secondary  Fniiesion  Ratio  vs  Prim  ary  Fnergy  for 
Aluminum  Target  for  Various  Angles  of  Incidence 


fn(6^/6o)  ~  (1  -  cos  e) 


(1 


where: 

6  is  6 
c 

and 

max 


max 


for  nomoal  incidence, 
for  incidence  at  angle  9, 


It  is  therefore  unlikely  that  the  enhanced  5  for  Al  in  a  CFA  can  be 
explained  in  terms  of  an  anomalous  dependence  of  5  on  6,  It  is  interesting 
to  note  that  the  6  vs  V  data  for  the  0**  and  70®  samples  are  brought  into 
near-coincidence  adtii^ach  other  as  well  as  with  the  constant  loss  curve 
when  plotted  in  ZK>rmalized  coordinates  as  in  Figure  3-7. 

3. 1.  3  Aluminum  oxide  films  on  metal  substrates.  A  set  of  Mo-Al20t 
sanaples  was  prepared  with  varying  compositiLons  and  film  thicknesses  in 
the  following  manner:  Al^O^  and  Mo  powder  were  mixed  and  pressed  to 
form  1/4-inch  diameter  slugs.  These  slugs  were  subjected  to  electron 
bombardment  and  the  vapors  were  deposited  on  Pt  clad  Ni  flags  for  8 
measurements  and  on  quartz  slides  for  resistivity  measurements.  The 
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Figure  3-7.  Secondary  Emission  Ratio  vs  Primary  Energy 
(in  Normalized  Units)  for  "Aluminum"  Targets 
at  Various  Angles  of  Incidence. 

thickness  of  the  films  was  monitored  using  a  quartz  crystal  oscillator. 
Compositions  of  10,  20,  and  30%  Mo  were  used  as  vapor  source  and  films 
were  deposited  to  a  thickness  of  100  and  1000  A. 


Figure  3-8  shows  6  vs  V-  data  for  lOOOA  films  of  20%  Mo  -  80%  AI2O3 
The  6rnax  similar  to  that  of  pure  AI2O3  films  on  Al.  Although  the  20% 
Mo  content  refers  to  the.  evaporator  source  composition,  it  was  definitely 
established  that  some  Mo  was  present  in  all  the  composite  films  of  lOOOA 
thickness.  Pure  AI2O3  films  on  quartz  were  transparent,  while  those  ob¬ 
tained  from  Mo  -  AI2O3  mixtures  had  a  light  brov/n  coloration.  In  addition, 
the  resistance  measurements  on  the  quartz  substrate  samples  indicated 
significcintly  greater  conductivity  than  that  of  pure  AI2O3. 
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Figure  3-8.  Secondary  Enussion  Ratio  vs  Primary  Energy 
for  iOOOA  Films  of  20%  Mo  -  30%  AI2O3  on 
Pt  Substrate 

The  data  of  Figure  3-8  also  shows  the  effect  of  heat  treatment  for 

10  min  at  900°  C  in  increasing  6,  The  usual  effect  of  ’’outgassing”  Pt  and 
also  AI2O3  on  A1  samples  has  been  to  decrease  6.  Perhaps  in  the  present 
case  the  increase  in  6  is  not  due  to  outgassing  but  rather  to  a  change  in  the 
nature  of  the  film,  for  exan'iple  the  agglomeration  of  Mo,  This  interpreta¬ 
tion  is  consistent  with  the  observed  increase  in  resistivity  due  to  heat 
treatment. 

Figure  3-9  shows  6  vs  V  data  for  a  30%  Mo  composite  film  of  lOOOA 
thickness.  The  5  and  resistance  data  for  10,  20,  and  30%  Mo  composites 
were  net  sufficiently  different  from  each  other  for  the  present  samples  tb 
warrant  a  discussion  of  that  factor,  nor  did  the  resistance  measurements 
always  show  a  monotonic  pattern  with  composition  changes.  Further  work 

11  needed  to  improve  the  control  of  the  evaporated  film  and  to  obtain  a 
determination  of  the  Mo  composition  in  the  film.  Nevertheless,  the  tendency 
for  6  to  increase  with  heating  appeared  consistently.  In  addition,  6  for  file 
conductive  (due  to  Mo  doping)  AI2O3  samples  were  not  degraded  by  doping. 

La  Figure  3-10  the  6  vs  V  characteristic  for  the  lOOoA  films  of  various 
compositions  are  compared  wim  a  constant  loss  theoretical  curve.  It  can 
be  seen  that  fixey  are  in  approximate  agreement  with  the  constant  loss  curve 
and  deviate  at  large  values  of  in  a  similar  manner  to  other 
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materials.  The  constant  loss  curve  quoted  assumes  a  power  law  primary 
range  -  energy  relation  with  an  exponent  of  1.  35  and  takes  the  scattering  of 
primaries  into  account  so  that  the  energy  dissipation  (and  secondary  produc¬ 
tion)  is  approximately  constant  throughout  the  range. 

A  typical  set  of  6  vs  Vp  data  is  shown  in  Figure  3-11  for  a  lOOA  film. 
Several  samples  of  each  composition  and  thickness  were  measured,  and 
approximate  agreement  was  obtained.  It  can  be  seen  that  the  effect  of  heat 
treatment  persists.  A  subsequent  heat  treatment  of  the  lOOA  samples  at 
11 00*^0  (optical  pyrometer  brightness  temperatures  are  quoted  throughout) 
resulted  in  a  large  increase  in  the  pressure.  This  is  interpreted  as  a 
vaporization  of  the  film  rather  than  the  outgassing  of  adsorbed  gases. 

3.  1, 4  Proportion  of  molybdentun  to  alumina.  Also  accomplished  during 
the  program  '^as  a  second  series  of  experiments  which  involved  molybdenum- 
alumina  films  deposited  on  a  hot  molybdenum  substrate  by  electron  beam 
evaporation  from  a  pressed  powder  comjjact  of  molybdenum  and  alumina. 
Secondary  emission  data  were  then  obtained  as  a  function  of  the  following 
three  parameters: 

a.  Proportion  of  molybdenum  to  alumina 

b.  Substrate  temperabire  during  deposition 

c.  Post-deposition  heat  treatment. 

Eight  samples  were  prepared  with  2  each  having  0%,  10%,  20%,  and  30% 
molybdenum  by  weight.  The  molybdenum  content  refers  to  the  composition  of 
the  pressed  powder  compact.  Data  were  obtained  for  the  dependence  of  the 
secondary  emission  ratio  (6)  on  the  primary  energy.  The  effect  of  heat 
treatment  on  5  was  also  observed.  The  data  are  summarized  in  Table  3-1. 

TABLE  3-1. 

Secondary  Emission  Ratio  (6)  of  M0-AI2O3  Films 
for  Various  Pbroportions  of  Mo  to  AI2O3 


Film 

*max  After 

^max  After 

®max  After 

%  Mo  in 

Thickness 

System 

10  min  at 

10  min  at 

Source 

X 

Bakeout 

<  500°C 

850®C 

0 

330 

4.25 

4.23 

3.  71 

4.  36 

4.  04 

3.  55 

10 

1000 

3.  87 

4.  38 

3.17 

3.  93 

4.25 

3.17 

?.o 

1000 

3.36 

3.85 

2.96 

3.  87 

4.  02 

2.85 

30 

1000 

4.  34 

3,75 

3.  45 

4.39 

4.19 

3.  39 

Figure  3-11,  Secondary  Emission  Ratio  vs  Primary  Energy  for  lOOA  Films 
of  90%  AI2O3  -  10%  Mo  on  a  Pt  Substrate 

All  the  samples  referred  to  in  Table  3-1  were  prepared  with  a  substrate 
temperature  of  600®  C  during  deposition  and  a  post-deposition  heat  treatment 
*t  1100  C  for  5  minutes.  The  measurements  of  6  show  the  relative  insensi¬ 
tivity  of  5  to  a  source  composition  of  molybdenum  of  up  to  30%  by  weight.  It 
can  also  be  seen  that  the  6's  of  the  pure  alumina  films  are  high  and  correspond 
to  crystalline  rather  than  amorphous  alumina  films.  A  reduction  of  6  due  to 
the  higher  temperature  heat  treatment  is  also  noted. 

3. 1.4.  1  Sibstrate  temperature  daring  deposition.  A  series  of  lOOOA, 
30%  Mo  -  70%  AI2O3  films  were  prepared  for  a  series  of  substrate  tempera¬ 
tures  daring  deposition.  A  range  of  600  to  1100°C  was  covered  in  100® C 
steps.  All  the  films  were  given  a  post-deposition  heat  treatment  at  1100°  C 
for  5  minutes. 

The  measured  dependence  of  maximum  secondary  emission  ratio 
(^rr>av)  on  substrate  temperature  during  deposition  is  shown  in  Figure  3-12. 

A  decrease  in  fijnax  W  aOTroximately  a  factor  of  2  was  noted  as  the  tempera¬ 
ture  was  varied  from  600®  C  to  1100®C.  The  substrate  temperature  is 
therefore  considered  to  be  a  significant  parameter.  Electron  probe  and 
electron  diffraction  analyses  were  conducted  to  determine  the  differences 
between  the  600°  C  and  1100°C  films.  The  results  of  these  analyses  are 
described  in  Section  3. 2.  2.  3  and  3.  2.  2.  4  of  this  report. 
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Figure  3-12. 


Secondary  Emission  Ratio  Maximum  (6ma-r)  vs 
Substrate  Temperature  at  Deposition  for  lOOOA 
Moly-Alumina  Films  on  Moly  Substrate 


3,  1,  4,  2  Post-deposition  heat  treatment.  Six  lOOOA,  30%  Mo  -  70% 
AI2O3  film  samples  were  prepared  witix  a  fixed  deposition  temperature  of 
600°  C  and  a  5-minute  post-deposition  heat  treatment  at  a  temperature  which 
varied  from  600  to  1100°C  in  100°C  steps.  Data  were  obtained  on  £  as  a 
function  of  primary  energy.  Table  3-2  contains  a  summary  of  ^niax 
various  post-deposition  heat  treatments. 

TABLE  3-2. 

Maximum  Secondary  Emission  (5max)  Various  Post-Deposition 

Heat  Treatments 


Sample  No. 


Temperature  for 
5  min.  post- 
deposition  heat 
treatment 


^max 

after 

system 

badceout 

®max 

afier 

10  min 
at  800®C 

3.37 

2.  65 

3. 24 

2. 47 

3.  82 

2.  57 

4.  70 

2. 92 

4. 02 

2.92 

3.73 

2.  89 

It  is  concluded  thati  although  somewhat  higher  6‘s  were  obtained  for  the 
higher  temperatures,  the  spread  in  6,  particularly  after  an  additional  heat 
treatment,  was  not  large. 

To  obtain  some  estimate  of  the  uniformity  of  the  molybdenum-alumina 
film  samples,  a  secondary  emission  scan  was  obtained  (See  Figure  3-j3)  by 
locating  the  secondary  emitting  target  behind  a  3 /8-inch  diameter  hole  in  a 
metal  shield.  The  primary  electron  beam,  which  was  focussed  to  a  spot 
size  less  than  1 /32-inch  in  diameter,  was  caused  to  traverse  the  target  while 
the  primary  energy  was  kept  fixed  at  a  value  which  yielded  the  maximum  6. 
The  observed  variation  across  the  sample  is  estimated  to  correspond  to  a 
6%  spread  in  the  values  of  6. 

3,  2  Physical  testing  of  molybdenum-alumina  films. 

3.  2,  1  Resistance  and  capacitance  measurements  of  molybdenum- 
alumina  films.  In  conjunction  with  our  interest  in  obtaining  sufficiently 
conducting  high-6  films,  we  measured  the  resistance  and  capacitance  of  the 
molybdenum-alumina  films.  The  following  types  of  measurements  were 
performed. 


a.  Dc  resistance 

b.  Capacitance  and  ac  resistance  at  1  kHz  (ac  bridge  measurement) 

c.  Frequency  dependence  of  capacitance  and  ac  resistance  over 
frequency  range  100  Hz  to  1  MHz. 

The  following  techniques  were  empioyed: 

a.  Evaporated  gold  film  counterelectrodes  of  varying  diameters  and 
two  thicknesses,  500A  and  1500A, 

b.  Bent  gold  wire  contact  to  either  a  gold  film  or  directly  to  the  top 
of  molybdenum-alumina  film. 

Th^'  following  conclusions  have  been  reached  based  on  the  resistance 
and  capacitance  measurements  made  during  the  program: 

a.  Dc  resistivity  equals  ac  resistivity  at  1  kHz. 

b.  Ac  resistivity  and  dielectric  constant  are  independent  of 
frequency  up  to  1  MHz. 

c.  Resistivity  vadues  in  the  range  10^  to  10^  ohm-cm  have  been 
observed. 

d.  Values  of  dielectric  constant  (real  part)  in  the  10  to  500  range 
have  been  observed. 
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Figure  3-13.  Secondary  Emission  Scan  of  3/8  in.  Dia  Target 

The  large  values  of  dielectric  constant  are  believed  to  be  valid  mea¬ 
surements.  Although  it  is  suspected  that  these  may  be  due  to  surface  space- 
charge  layers,  this  was  not  demonstrated  experimentally.  Ihe  values  of 
resistivity  observed  are  in  a  usable  ran^e  for  the  CFA  application,  witii  the 
lower  end  of  the  range  (10^  ohm-cm)  being  preferred. 

An  improved  coiinterelectrode  technique  is  required  to  obtain  a  steady 
reading,  to  ascertain  more  definitely  the  cross-sectional  area  involved  in 
the  meastiremenfi  and  to  determine  that  there  are  no  continuous  gold  threads 
through  the  molybdenum-alumina  film. 

3.  2.  2  Analysis  of  Mo-Al?.0.^  thin  films.  The  following  information  was 
sought  from  the  M0-AI2O5  thin-film  analyses. 

a.  Semiquactitative  analysis  of  weight  factors  of  AI2O3  and  Mo  in 
the  films  and  an  estimate  of  the  uniformity  of  the  deposits,  both 
by  electron  microprobe. 

b.  Chemical  and  crystallographic  state  of  both  Mo  and  AI2O2  in  the 
films  by  means  of  electron  diffraction  techniques. 


c.  Ihe  true  thicknesses  of  the  films  as  compared  to  intended  film 

thicknesses,  using  both  single-beam  and  multiple  beam  interferom 
etry. 
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3,  2,  2,  1  Mo-Al^O^  sample  preparation. 


Composition: 

AI2O3  100^  Mo  100%,  and  AI2O3  70%  and 
Mo-30% 

Thickness: 

500,  1000,  and  1500  A  (by  quartz  crystal 
monitor ) 

^bstrate: 

Nickel 

Preparation: 

Sibstrate  cleaned  in  vacuum  at  1000®  C 
Substrate  temperature  during  evaixiration 
600°C 

Post  Heat 
Treatment: 

1050®  C  in  vacuum  for  5  minutes. 

3.  2.  2.  2  Thicknesa  measurements^  The  surfaces  of  the  substrate 
were  initially  too  rough  for  measurement  of  thickness,  but  by  depositing  the 
film  on  a  metallographically  polished  surface,  thickness  measurements  were 
obtained. 

3.  2.  2.  3  Chemical  composition.  Samples  of  100%  AI2O3  and  100%  Mo 
were  used  to  calibrate  the  electron  probe  machine.  With  the  calibration 
curves  obtained  from  these  samples,  the  70%  AI2O3  -  30%  Mo  samples  were 
then  analysed  by  the  probe,  for  both  composition  and  homogeneity.  The 
results  are  shown  in  Table  3-3. 


TABLE  3-3. 


Results  of  AI2O3-M0  Sample  Analysis 


Sample 


Film  Thickness 

o 

A 


Wt  %  Mo 


70%  AI2O3  +  30%  Mo 
70%  AI2O3  +  30%  Mo 
70%  AI2O3  +  30%  Mo 


500 

'  33.0 

1000 

26.  0 

1500 

24.0 

All  three  samples  were  found  to  be  homogeneous  in  composition  and 
devoid  of  island  structure. 


3.  2.  2.  4  Electron  diffraction  analysis  of  molybdenum-alumina  films. 
Secondary  emission  measurements  fSee  Figure  3- 1 2)  showed  the  importance 
of  the  substrate  temperature  during  film  deposition.  The  secondary  emission 
ratio  of  file  lOOoA  thick,  30%  Mo-70%  AI2O3  films  decreased  by  a  factor  of 
2  as  the  Mo  substrate  deposition  temperature  was  varied  from  600  to  1100°C. 
It  was  therefore  of  interest  to  determine  any  differences  in  film  structure  or 
composition  to  correlate  with  the  6  changes. 
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Electron  diffraction  patterns  were  obtained  from  two  lOOOA  films  of 
70%  Al2O3-30%  Mo  deposited  at  600  and  1100  respectively  onto  molybdenum 
substrates.  *  Diffraction  rings  representing  polycrystalline  material  were 
obtained  from  both  specimens^  and  the  following  conclusions  were  drawn 
from  the  patterns: 

a.  Evaporation  at  1100”C 

1 )  The  diffraction  rings  were  moderately  shairp,  suggesting 
sizable  crystalline  areas,  probably  containing  at  least 
several  hundred  atoms.  36 

2}  Seven  of  the  rings  represent  d«spacings  which  are  in  good 
agreement  with  fiiose  for  elemental  molybdenum,  as  listed 
in  the  American  Society  for  Testing  Me^s  file. 

3 )  The  remainder  of  file  rings  do  not,  as  a  group,  match  any 

single  AI2Q3  pattern,  although  individually  each  approxi> 
mates  a  d-spacing  for  one  cf  the  various  alumina*,  structures. 
Nor  do  they  agree  with  any  ofiier  single  phase  pattern  in 
the  ASTM  file.  Snee  it  is  thermodynamically  unlikely  fiiat 
any  reaction  products  of  Mo  and  AI2Q3  have  formed,  it  is 
probably  safe  to  assume  fiiat  these  additional  rings  were 
caused  by  some  form  of  aluminum  oxide,  possibly  a  mixture 
of  several  aliotropes. 

b.  Evaporation  at  600  °  C 

1 }  The  diffraction  rings  were  fewer  in  number  fiian  fiiose  for 
the  1100°  C  specimen,  atnd  more  diffose,  indicating  a  lower 
degree  of  crystallixuty. 

2)  No  molybdenum  rings  were  present,  suggesting  a  high  degree 
of  dispersion  of  Mo  atoms  in  the  film.  Iliis  also  {provides 
evidence  that  the  molybdenum  pattern  mentioned  above  is  not 
due  to  the  underlying  molybdenum  substrate,  but  arises 
from  the  film  itself. 

3}  As  above,  the  rings  are  not  in  agreement  with  any  single 
pattern,  but  are  not  inconsistent  with  file  assumption  of  a 
mixture  of  AI2O3  phases. 

It  can  be  seen  from  the  above  analysis  that  increases  in  the  siae  of 
agglomerated  molybdenum  particles,  for  sizes  up  to  approximately  several 
hundred  atoms,  decreased  6  to  values  winch  more  nearly  approach  5  of  file 
molybdenum  phase- 


The  electron  diffraction  work  reported  in  fiiis  section  was  performed  by 
W. R.  Bekebrede  of  Raytheon’s  Research  Division. 
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3.  2.  3  Mckel  cermet  and  impregnated  cathodes.  Nickel  cermet  and 
impregnated  cathodes  according  to  recent  Russian  literature,  shotted  the 

possibility  of  obtaining  desirable  secondary  emitters  for  cold  cathode  usage 
from  some  commonly  used  thermionic  emitters,  namc’y  nickel  cermet  and 
baritim  aluminate  impregnated  tungsten  matrix  cathodes.  We  prepared  the 
following  samples  for  secondary  emission  measurements. 


1. 


Ifickel  cermet  -  Four  compositions  were  studied. 


Lot  No,  i  -  7.  0  gm  hfond  Ni  Powder 

3.  0  gm  Baker’s  RM  No.  3  (Double  carbonate) 

Lot  No,  2  -  7.  0  gm  Mond  Ni  Powder 
3,  0  gm  Baker’s  RM  No.  3 
0.  2  gm  Zirconium  Hydride 

Lot  No.  3  -  7.  0  gm  Mond  Ni  Powder 
1,  2  gm  Baker’s  RM  No.  3 
1.  8  gm  Barium  Carbonate 


Lot  No,  4  -  7.  0  gm  Mond  M  Powder 
i.  2  gm  Baker’s  RM  No.  3 
1.8  gm  Barium  Carbonate 
0,  2  gm  Zirconium  Hydride 


Each  of  the  foxir  lots  was  mixed  thoroughly  and  pressed  into  disc 
forms  about  0.  02  inch  thick  at  a  pressure  of  90  tons/in^.  The  discs 
were  sintered  in  a  vacuum  at  700'’ C.  They  were  then  mounted 
in  a  secondary  electron  emission  test  vehicle,  evaluated,  broken 
down,  activated,  and  measured. 


Aluminate  impregnated  tungsten  matrix  cathode  -  Disks  about 
3  /8  inch  diameter  and  0.  C3  inch  thick  were  machined  out  of  a 
copper-impregnated,  20%  porosity  tungsten  matrix.  Copper 
was  then  removed  by  evaporation  in  a  vacuum  and  the  tungsten 
matrix  subsequently  infiltrated  with  four  different  compositions 
of  aluminates.  These  were  then  evaluated  in  our  SEE  test  vehicle. 


3.  2.3.  1  ICckel  cermet  cathodes.  The  nickel  cermet  samples  having  the 
four  different  conq)Ositions  specified  above  were  prepared,  and  their  secondary 
emission  ratios  were  measured  for  various  states  of  activation-  Table  3-4  sum¬ 
marizes  some  of  the  results.  The  compositions  of  the  saunples  and  the  values 
of  djjjax  ts^bulated.  The  secondary  emission  ratio  is  seen  to  increase  and 
then  subsequently  decrease  as  a  result  of  continued  heating  in  a  vacuum.  Max¬ 
imum  values  of  ranged  from  3.  6  go  6-  4  for  the  samples  tested.  Thesje  o 

values  are  comparable  to  those  reported  by  Alekseyev  and  Lepeshinskaya.-^  It  is 
noted  that  the  tendency  for  6  to  increase  and  then  decrease  as  a  result  of  heating 
was  observed  for  both  the  nickel  cermet  and  the  barium  calcium  aliiminate  im¬ 
pregnated  cathodes  to  be  described  in  the  following  section. 
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TABLE  3-4. 


6jnax  ^  Different  Ni  Cermet  Cathodes  at  Various  Stages  of  Activation 


Sample  No. 

Composition 

fete 

Bakeout 

®inax 

After 

System 

Bakeout 

fe 

30  min 
at  925°C 

fe 

Add'l 

15  min 
at  1000°C 

*max 

After 

Add'l 

30  min 
at  850‘>C 

*max 

After 

Add’l 

30  min 
at  850°C 

*max 

Alter 

Add'l 

30  min 
at  850“C 

1 

70%  Ni 

30%  Radio  Mix  #3 

2.20 

2.03 

6.42 

4.36 

2.70 

2.  94 

3. 05 

2 

68%  Ni 

30%  Radio  Xiiix  #3 
2%  ZrHj 

2.27 

1.  87 

S.00 

3.10 

2.  SS 

2.00 

3 

70%  Ni 

12%  Radio  Mix  #3 
18%  3aC03 

2.  36 

1.83 

2.  70 

Lost 

Sample 

4 

68%  Ni 

12%  Radio  Mix  #3 
18%  BaC03 

2%  ZrH2 

2.  84 

2.14 

2.90 

3.40 

3.62 

3.21 

2.97 

3.  2.  3.  2  Impregnated  tungsten  cathodes.  Two  each  of  four  types  of 
barium  calcium  aluminate  impregnated  tungsten  cathodes  were  prepared  for 
secondary  emission  measurement.  Measurements  were  nnade  of  5  as  a 
function  of  primary  energy.  The  results  are  stxmmarized  in  Table  3-5  where 
values  of  Smax  are  tabulated  for  different  states  of  activation,  ft  is  to  be 
noted  that  5  increased  as  a  resxilt  of  heating  at  1050 ‘’C.  Samples  7  and  8 
activated  more  rapidly  than  samples  1  through  6,  which  agree  with  the  relative 
ease  of  activation  of  these  cathodes  as  monitored  by  thermionic  emission 
measurements.  Sample  8  was  heated  beyond  the  40  minutes  of  heating  given 
to  ail  the  samples;  Srnax  rose  to  4.  39  after  a  cumulative  total  of  70  minutes 
of  heating  at  1050°  C  and  then  declined  to  a  value  of  3.  33  after  a  total  of 
190  minutes  at  1050°  C.  Thermionic  emission  of  such  cathodes  did  not 
generally  show  a  decline  after  continued  heating,  in  contrast  with  6ie 
behavior  of  6  quoted  above  for  sample  8. 

3.  2. 4  Semiconductors.  One  approach  to  the  choice  of  a  cold  cathode 
material  is  the  use  of  refractory  senoiconductors  with  a  high  5.  In  this  case 
the  electron  bombardment  dissociation  processes  would  release  non-volatile 
atoms  (as  contrasted  with  the  oxygen  which  evolves  from  oxides).  The  hope 
was  that  electron  bombardment  would  not  cause  the  cathode  material  to 
deteriorate. 

In  line  with  this  objective,  several  semiconductors  were  measured. 
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Table  3-5. 


^xnStK  Various  Compositions  of  Barium  Calcium  Aluminate 
Impregnated  Tungsten  Cathodes 


Sample  No. 

Composition** 

5-3-2 

^max 

After 

System 

Bakeout 

*max 

Aitcr 

10  min 
at  1050OC 

*max 

After 

40  min 
at  1050OC 

1 

1.84 

2.  00 

2.22 

2 

5-3-2 

1.63 

1.97 

2.  50 

3 

4-1-1 

1.77 

1.  96 

2.  38 

4 

4-1-1 

1.66 

1.  80 

2.  25 

5 

3. 5-1-1 

1.82 

1.  96 

2.32 

6^ 

3. 5-1-1 

1.91 

2.  25 

2.  5? 

7* 

4-1-1 

2.  02 

2.21 

3.  63 

8* 

4-1-1 

1.81 

2.  64 

3.  73 

Samples  7  and  8  are  processed  so  as  to  activate  more  rapidly  than 

1  samples  1-6, 

1  Numbers  indicate  mole  ratios  of  BaC03,  CaC03,  AI3C3 

Measurements  of  the  secondary  emission  ratio  as  a  function  of  primary 
energy  are  shown  in  Figures  3-14  and  3-15.  The  semiconductors  GaAs, 

CdS,  and  CdTe  referred  to  in  Figure  3-14  were  obtained  from  the  Raytheon 
Research  Division,  while  the  intermetailic  compound,  Tii4  Ni48,  sSis?.  5» 
was  obtained  from  Professor  Beck  of  the  University  of  Illinois.  Of  these 
materials,  GaAs  appeared  the  most  premising,  having  a  maximum  6  of 
approximately  3,  5.  It  is  possible  that  an  excessive  amount  of  As  mav  be 
evolved  on  heating  GaAa  to  tube  bakeout  temperatures,  however  the  aAs 
cathode  could  be  cooled  if  necessary. 

The  secondary  emission  ratio  of  type  Ilb  semiconducting  diamond"''  was 
measured  as  a  fiinction  of  primary  energy  and  a  Smax  approximately  2.  3 
was  obtained.  This  would  give  an  increase  of  the  emission  current  boundary 
(see  Section  2,  3)  relative  to  that  for  platinum  of. 

2.3-1.  0  1.3  .  . 

1.8-1.0  ■  0. 8  ■ 


On  loan  from  Industrial  Distributors  Ltd,  Republic  of  Soutli  Africa. 
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An  increase  by  a  factor  of  1»  6  in  secondary  emission  limited  current  would 
then  be  available.  Diamond,  an  elemental  material,  contains  only  one  type 
of  atom  (carbon),  therefore,  it  would  not  be  subject  to  the  electron  bombard¬ 
ment  dissociation  as  are  oxides.  In  addition,  being  semiconducting,  these 
diamonds  may  be  able  to  transmit  the  tube  current  without  excessive  heat 
dissipation. 

3.  2,  5  Boron  nitride.  A  sample  of  a  ZOOA  CVD  film  of  boron  nitride, 
prepared  under  the  direction  of  Dr.  V/.  Feist  of  the  Raytheon  Research 
Division  was  evaluated  in  the  Secondary  Emission  Measurement  Test  Vehicle. 
Shown  below  are  the  results  of  the  measurements. 


Treatment 

6 

max 

Vpmax 

After  system  bakeout 

4.  86 

425 

15  min  at  400®  C 

5.  82 

350 

Additional  1 5  min  at  400  °  C 

6.  44 

375 

Additional  1 5  min  at  400  ®  C 

5.75 

400 

Additional  1 5  min  at  400  °  C 

4.30 

400 

Additional  1 5  min  at  400  ®  C 

3.  83 

400 

Additional  1 5  min  at  400  °  C 

4.  32 

400 

Figure  3-16  shov/s  the  measured  dependence  of  6  on  Vp  after  the  last 
heat  treatment.  Based  on  the  experience  with  molybdenum-alumina  films, 
one  may  suppose  that  it  is  possible  to  dope  the  BN  film  to  achieve  a  desirable 
conductivity  without  seriously  degrading  6. 

3.  2,  6  Silver-magnesium  and  beryllium-copper  alloys.  Two  alloys,  one 
silver  and  7%  magnesium  and  the  other  copper  and  2%  beryllium  were  tested 
in  the  secondary  emission  test  vehicle  for  secondary  emission  ratios 
These  alloys  were  reported  in  the  literature  to  have  high  secondary  emission 
ratios  (^max)  undergoing  an  optimum  oxidation  process  described 

briefly  below. 

3.  2.  6.  1  Optimally  oxidized  silver-magnesium.  Optimum  oxidation  of 
the  silver -magnesium  alloy  Mg)  was  obtained  in  a  two-step  process  described 
in  a  paper  by  P.  Rappaport.  ^^The  process  consists  of  the  following: 
a)  buffing  of  the  sample  on  clean  buffing  wheel,  (we  elected  to  hand  polish  to 
4/0  emery  paper  finish);  b)  cleaning  in  soapy  H2O,  then  rinsing  in  distilled  H2O, 
rinsing  in  acetone  (we  actually  cleaned  ultra sonically  in  freon,  again 
ultra sonically  in  Metalex,  rinsing  in  hot  H2O,  again  in  cold  H2O,  then  in 
acetone);  c)  facing  in  a  vacuum  furnace  and  bubbling  air  through  H2O  into  a 
trap;  d)  using  dry-ice  and  acetone  trap  plus  diffusion  pump,  baking  the 
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Figure  3-16.  Secondary  Emission  Ratio  (6)  vs  Primary  Energy  {V  ) 
for  BN  P 

sample  at  550°  C  for  30  minutes  in  approximately  lO-^  torr  vacuum.  For 
the  second  part  of  the  two-step  prc^ess,  the  samples  were  baked  in  pure  dry 
oxygen  (H^O  vapor  pressure  <  10"®  torr)  at  atmospheric  pressure  for 
30  minutes  at  550°  C. 

3,  2.  6.  2  Optimally  oxidized  beryllium-copper.  This  alloy  (2%  Be)  was 
processed  by  directions  supplied  by  Bell  Tele^one  Laboratories, The 
process  consists  of  the  following:  a)  electrolytic  polishing;  b)  rinsing  in  hot 
H2O,  alcohol,  and  acetone;  c)  xiring  for  20  minutes  at  630°  in  an  O^-free  H2 
stream;  d}  firing  for  20  minutes  at  630°  in  a  wet  H2  stream;  and  e)  rapid 
cooling  in  the  cold  zone  of  the  furnace  (about  room  temperature )  near  the 
entrance  of  the  H2  stream  for  20  minutes. 

3.  2, 6.  3  Secondary  emission  measurements.  A  set  of  silver -magnesium 
(7%  Ag)  and  beryili\ixTi-copper  (2%  Be)  samples  consisting  of  both  optimally 
oxidized  and  unprocessed  specimens  were  prepared  for  secondary  emission  mea~ 
surements.  The  set  of  eight  samples  included  two  of  each  case;  however,  only 
one  sample  of  processed  AgMg  was  available.  A  clean  platinum  sample  was 
substituted  as  the  eighth  sample.  The  ttnprocessed  samples  were  prepared 
in  the  same  manner  as  the  processed  ones  up  to  the  point  of  the  oxidation 
step. 
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The  eight  samples  were  installed  in  the  Secondary  Emission  Test 
Vehicle  (SEEi  and  baked  out  overnight  (20  hours)  at  200  '  C.  A  vacuum  of 
less  than  10"°  torr  was  reached  after  bakeout  of  the  system.  Secondary- 
electron  emission  measurements  as  a  function  of  primary  energy  were 
carried  out  on  the  samples  as  follows:  a)  after  the  20-hour-200^ C  bakeout, 
b)  after  heating  the  sample  for  20  minutes  at  200^  C  by  radiant  heat  as 
measured  by  an  infrared  pyrometer,  and  c)  after  heat-ng  the  sample  by 
radiant  heat  for  20  minutes  at  400°  C.  Each  sample  was  heated  and  checked 
individually.  Pressure  increases  during  the  sample  heatings  were  observed 
to  be  small;  the  largest  of  these  did  not  exceed  approximately  8  x  10“®  torr. 

The  Sjnax  values  listed  in  Table  3-6  measured  after  system  bakeout  at 
200° C  (measured  by  the  thermocouple  attached  to  the  syftem)  are  generally 
in  good  agreement  with  those  values  obtained  by  others.  The  value  of  3max 
for  the  platinum  also  is  in  good  agreement  with  the  generally  accepted  value 
of  1.8.  The  optimally  oxidized  samples  are  improved  by  approximately 
3-to-l  over  the  unprocessed  samples  at  this  point.  After  the  20-minute 
radiant  heating  at  200 °C,  the  greatest  change  occurred  in  the  Om^x  value  of 
1  le  processed  AgMg  sample,  which  decreased  by  about  one-half  in  value, 

(6.33  to  3,39).  No  curve  was  obtained  for  the  processed  BeCu  sample  located 
in  the  SEE  next  to  the  processed  AgMg  sample,  due  to  charging  phenomena  on 
the  sample,  and  the  value  of  the  Pt  sample  which  also  was  adjacent  to  the  pro¬ 
cessed  AgMg  had  increased  slightly.  Considering  the  large  change  in  the 
of  the  processed  AgMg  sample,  it  is  quite  possible  that  Mg  was  evaporated  during 
the  radiant  heating  and  that  deposition  of  this  Mg  on  the  two  adjacent  samples 
was  the  cause  for  their  behavior.  This  reasoning  might  also  apply  to  S2  and 
S6  whose  finiax  values  decreased.  Samples  S3,  S4,  and  S5  show  essentially 
no  change.  After  ths  400 °C  radiant  heating  for  20  minutes,  the  greatest 
change  occurred  in  the  processed  BeCu  samples.  Their  values  decreased  by 
about  1.0  from  the  values  of  6rnax  after  system  bakeout.  The  of  the 

processed  AgMg  (58)  had  increased  slightly,  from  3.  39  to  3.  69.  The  rest 
of  the  samples  shewed  no  significant  change  in  6  . 

XXXoX 

The  Sniax  values  obtained  from  the  secondary-emission  test  are  in  good 
agreement  with  those  predicted  in  the  Bell  Laboratories  letter  38  jn  case  of 
BeCu,  and  from  the  Rappaport  paper  37  in  the  case  of  AgMg.  The  6niax 
Pt  sample  remained  within  a  reasonable  range  of  the  1.8  standard  value  for 
that  metal.  From  the  data  to  date,  it  would  seem  that  the  processed  BeCu 
is  less  affected  by  temperature  (outgassing)  than  the  processed  AgMg,  and 
encounters  smaller  decreases  of  5. 

3,  2,  7  Siminary  of  secondary  emission  measurements  in  the  SEE 
Vehicle.  The  main  purpose  of  performing  the  measurements  of  secondary 
emission  in  the  SEE  vehicle  v^as  to  select  the  most  promising  cold  cathode 
materials  for  evaluation  under  electron  and  ion  bombardment  conditions. 

Changes  in  6  vs  Vp  have  been  demonstrated  for  the  methods  of 
material  preparation,  o»dation,  and  heating  under  vacuum  conditions. 

The  study  is  briefly  summarized  in  thv  following  sections. 
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TABLE  3-6, 


6tr>av  for  Plain  and  Optimally  Oxidized 
BeCu  and  AgMg 


Sample 

No. 

^max 

After  20  hr 
Bakeout  at  200® C 

®max 

After  200®  C  - 
20  min 

Radiant  Heating 

*max 
After  400 
20  min 
Radiant  H< 

SI 

Pt 

1.86 

1.94 

1.96 

S2 

Unprocessed 

BeCu 

1.88 

1.53 

1.69 

S3 

Unprocessed 

BeCu 

1.95 

2.00 

1.89 

S4 

Unprocessed 

AgMg 

2.  19 

2.  17 

1.98 

S5 

Unprocessed 

AgMg 

2.  05 

2.04 

1.94 

S6 

Processed 

BeCu 

5.63 

5.40 

4.45 

S7 

Processed 

BeCu 

5.  86 

No  cuswe  due  to 
charging 

5.  00 

S8 

Processed 

AgMg 

6.33 

3.39 

3.69 

3.  2.  7.  1  Aluminurru  Ihin  oxide  layer  (~25A)  on  surface. 


a.  6maif  in  the  SEE  vehicle  was  approximately  2,  while  the 
effective  value  in  a  CFA  is  t^'pically  ~6, 

b.  5  measured  as  a  function  of  angle  of  incidence  (d)  was  found 
to*^S:y  from  2.  0  to  2.  6  for  d  variation  from  0*"  to  70  .  This  is 
insufficient  to  account  for  the  discrepancy  mentioned  under  a. 

3.  2, 7,  2  Alumina  (lOOA  -  lOOOA)  films  on  molybdenum  substrate. 

Electron-beam  evaporated  Al^O^  films  on  Mo  substrate. 

a*  The  use  of  a  Mo  substrate  allows  for  heating  at  a  high  tem¬ 
perature  to  achieve  a  higher  degree  of  crystallini.ty  and  thus 
higher  6  (in  comparison  with  AJ2O2  on  Al). 

^max  ~  independent  of  film  thickness  in  the  range  of 

IDfr-  1000  A. 
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3,  2,  7.  3  Molybdenum-alumina  films  on  molybdenum  substrate. 
Electron  beam  evaporated  films. 

a.  The  purpose  of  Me  is  to  make  thick  films  electrically 
conductive.  Thick  films  mean  long  sputtering  life. 

b.  Ihe  most  significant  parameter  of  film  preparation  is 
substrate  temperature  during  deposition. 

c.  Agglomeration  of  Mo  caused  a  reduction  in  6jn.ax  2.  5 

(deposition  temperature  =  600  C)  to  1.8  (deposition  tempera- 
ti»re  =  1100°C),  whereas  composition  variation  of  10%  to  30% 
of  Mo  restilted  in  Sniax  variation  only  in  the  range  of  3.  5  to  4.  0, 

3,  2«  7,  4  Molybdenum-alumina  films  on  platinum  substrate.  Electron 
beam  evaporated  films. 

a.  (same  as  "a”  in  3.  2-  7.  3) 

^max  for  20%  and  30%  Mo  lOOA  and  lOOOA  films  before  out- 
gassing  was  2.  1  to  2.  3  and  after  outgassing  was  1.  8  and  2.  2 
respectively. 

3.  2,  7.  5  Barium  calcium  altiminate  impregnated  tungsten. 

a.  ^max  6  to  2.  0  before  activation. 

6rway  rises  to  a  value  of  4.  4  afier  continuing  activation  at 
1050*  C,  then  decreases  to  a  value  of  3.33,  and  then  levels  off. 

3,  2,  7.  6  Mckel  cermet. 

a*  6  behavior,  due  to  thermal  activation,  was  similar  to  that  for 
impregnated  tungsten. 

b.  Maximum  value  of 

c«  ^max  ~3, 

3,  2,  7,  7  Semiconducting  diamond  (elemental  semiconductor). 

^max  '^2.  3, 

b.  Would  evolve  only  one  type  of  atom  during  electron  bombardment 
dissociation. 

3,  2,  7.  8  Semiconducting  compounds  (non-oxidlc ). 

a.  The  electron  bombardment  dissociation  process  would  release 
non-volatile  atoms  (as  contrasted  with  the  oxygen  which  evolves 
from  oxides).  Therefore,  electron  bombardment  may  not  cause 
the  cathode  materials  to  deteriorate. 

b.  ^max  GaAs  was  3.  5 
of  CdS  was  2.  0 

max 

^max  CdTe  was  1.  75. 
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c 

d 


3,  2,  7.  9  Ti  Ni48,  5  5137^  5.  (refractory,  intermetallic  compound, 
possibly  semiconducting). 


a. 


max 


was  1.  95. 


3.  2.  7.  10  Boron  nitride  films  on  molybdenum  substrate,  (non-oxidic, 
large  gap  material. 

a,  ^rnsK.  sample  (200A  CVD  preparation)  was  4.  3. 

b.  ^max  ^  additional  (similarly  prepared)  samples  were  in 
range  1.  7  to  2,  0  (measured  in  EBV  which  might  be  ~15%  low). 


3,  2. 7.  11  Beryllium  copper  alloy  (2%  Be). 

^max  unprocessed  sample  was  ~  1.  90 

b.  Heating  of  unprocessed  sample  caused  no  decay  of 

c.  ^max  processed  sample  was  5.  63  and  5.  86. 

d.  Heating  of  processed  sample  caused  decay  of  6^^^  to  4.  45  and  5.  00. 
3,2.7.12  Silver  magnesium  alloy  (?%  Ag) 

^max  unprocessed  sample  was  ~2.  10. 

b.  ®rnax  unchanged  after  heating  unprocessed  sample. 

c.  ^max  processed  sample  was  6.  33. 

d.  ^max  beated  processed  sample  was  3.  69. 

3.  3  Electron  bombardment  of  cold  cathodes.  An  electron  bombard¬ 
ment  vehicle  (EBV)  was  used  for  this  study  to  simulate  the  back  bombardment 
conditions  encotmtered  in  a  crossed-Beld  amplifier. 


The  electron  bombardment  vehicle  is  depicted  in  Figure  3-17  and  the 
electrical  circuit  is  schematically  presented  in  Figure  3-18. 

The  gridded  electron  gun  has  a  perveaace  of  1.  5xl0~b  A/V^^  and  has 
enabled  the  achievement  of  lA/cm2  electron  bombardment  at  the  targetat  a  volt¬ 
age  of  1.  2  KV  under  dc  conditions.  This  represents  a  dissipation  of  1.  2  ,kW/cm2 
at  the  target  surface  in  a  circular  area  of  1/16  inch  diameter.  When  &e  gun 
current  is  reduced,  the  beam  converges  slightly  so  that  the  secondary  emis¬ 
sion  measurement  may  be  made  within  the  area  of  electron  bombardment  on 
the  target  surface.  With  the  circuit  arrangement  shown  in  Figure  3-18 
6  could  be  measured  for  the  range  of  primary  energy  from  0  to  800  V. 


-  37  - 


Figure  3-17.  Electron  Bombardment  Vehicle 


Q-6.3V  poni  SUPPLY 
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The  target  assembly  which  holds  &e  cold  cathode  sample  is  shown  in 
Figures  3-19  and  3-20.  The  target  is  heated  by  a  radiant  tungsten  heater  or 
cooled  by  water  flowing  through  the  target  base.  The  tungsten  heater, 
mounted  in  a  molybdenum  radiation  shield,  can  heat  the  target  to  1100  C. 

The  results  of  a  calibration  plot  of  temperature  vs  heater  power  of  the  target 
heater  in  a  vacuum  bell  jar  is  shown  in  Figure  3-21.  Typical  vacuum  in  the 
EBV  is  between  10“8  and  10”9  torr.  An  overall  view  of  the  EBV  setup  is  shown 
in  Figure  3-22. 

A  Pt  sample  was  mounted  in  the  EBV  to  serve  as  a  reference  source  in  the 
secondary  emission  measurement  in  the  EBV  and  also  to  investigate  the  effect 
of  barium  evaporation  from  the  impregnated  tungsten  cathode  of  the  electron 
bombardment  gun.  Secondary  emission  data  for  the  Pt  target  in  the  EBV  is 
shown  in  Figure  3-23.  It  can  be  seen  that  5— was  about  15%  lower  than  the 
usual  value  of  1.  8,  measured  repeatedly  in  mis  laboratory. 

It  was  also  observed  that  electron  bombardment  at  levels  of  up  to 
0.  5  Amp/cm2  at  12C0  volts  over  a  period  of  several  hours  had  no  eHect  on 
6  of  the  Pt  target.  In  addition  EBV  gun  cathode  temperature  changes  from 
approximately  1025*0  to  875“ C  resulted  in  no  change  of  6.  This  temperature 
change  corresponded  to  a  change  in  Ba  evaporation  of  at  least  a  &.ctor  of  10. 

It  is  concluded  that  Ba  evaporation  from  the  gun  cathode  does  not  play  a 
significant  role  in  the  6  measurements  reported  in  the  EBV, 

3,  3.  1  Aliuninmn  oxide  films  on  metal  substrates.  Secondary  emission 
measurements  in  the  SEE  vehicle  of  alumina  or  molybdenum-alumina  film 
showed  high  6niax  ranging  from  3.  5  to  5,  0, 

Several  tests  were  conducted  in  the  EBV  to  determine  the  effects  of 
electron  bombardment  on  for  various  combinations  of  alumina  films  on 

metal  substrates. 

3.  3.  1.  1  Molybdenum-alumina  films.  A  sample  was  prepared  by  electron 
beam  evaporstion  of  a  307o  Mo  -  70%  AI2O3  mixture.  The  film  was  lOOOA  thick 
and  was  deposited  on  a  copper  substrate.  Figure  3-24  shows  the  variation  of 
6max  with  time  resulting  from  electron  bombardment  of  the  M0-AI2O3  surface. 

After  an  initial  increase  of  6max  under  bombardment  at  1/3  A/cm^,  5];xiax 
decreased  under  bombardment  at  1  A/cm2.  After  approximately  40  hrs  of 
bombardment  6max  seemed  to  level  off  {at~l.  7),  A  typical  curve  of  6  vs  Vp 
for  this  lOOOA  film  is  shown  in  Figure  3-25,  It  can  be  seen  that  dmax  occurs 
at  approximately  400  volts,  v/hich  is  in  agreement  with  observations  in  our 
classical  secondary  emission  test  vehicle. 

A  lOoA  molybdenum- alumina  film  was  prepared  on  a  molybden\im  sub¬ 
strate.  It  was  derived  from  a  30%  molybdenum  source  and  deposited  at  600 *C 
substrate  temi>erature.  Ihe  observed  variation  of  6max  with  time  under 
electron  bombardment  is  shown  in  Figure  3-26,  It  shows  a  decrease  in  6max 
from  3.  5  to  2.  5  in  about  2.  5  hours.  Subsequent  to  this,  the  value  of  drnax 
remained  essentially  constant  for  approximately  5  hours.  The  possible 
influenco  of  barium  vapor  from  the  gun  cathode  depositing  on  the  target  was 
ascertained  by  varying  the  cathode  temperature  for  the  same  electron 
bombardment  current  density. 
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Figure  3-19.  Target  Mount  and  Support  Flange 
Hot-Cold  EBV 


650169 


Figure  3-20.  Target  Mount  of  Hot-Cold  EBV 
(exploded  view) 
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Figure  3-21,  Temperature  vs  Heater  Power  for  Hot-Cold  EBV 


Figure  3-22,  Electron  Bombardment  Vehicle  Setup 
(overall  view) 


Secondary  Emission  Ratio  Maximum  vs _ 

Bombardment  Time  for  iOOOA  Moiy- Alumina  Film 
Copi>er  Substrate 
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Figure  3-25,  Secondary  Emission  Ratio  (6)  vs  Primary  Energy 
(Vp)  for  lOOoA  Moly- Alumina  Film  on  Copper 
Substrate 


Moly  Substrate 


-  43  - 


A  500A  thick  30%  Mo-70%  AI2O3  film  on  a  N/io  substrate  was  studied  in 
the  EBV  for  effects  of  electron  bombardment  on  the  surface  of  the  film.  The 
results  are  shown  in  Figure  3-27. 

The  deactivation  of  the  film  (decrease  of  6rnax)  was  due  to  continuous 
electron  bombardment  at  0.  5  A/cm2  and  at  1.  0  A/cm2,  both  at  1200  volts. 
Reactivation  of  the  film  was  accomplished  by  the  use  of  an  auxiliary  oxygen 
source.  CuO  powder  vas  pressed  into  the  shape  of  a  pellet  and  trapped  ft 
the  end  of  a  molybdenum  cylinder,  inside  of  which  a  tungsten  heater  was 
mounted.  Thus  the  oxygen  partial  pressure  in  the  vacuum  system  could  be 
controlled  by  adjusting  the  temperature  of  the  CuO  pellet. 

The  data  for  the  M0-AI2O3  film  shown  in  Figure  3-27  represents  a 
typical  segment  of  the  activation-deactivation  procedures  performed.  Electron 
bombardment  at  0.  5  A/cm^  caused  a  deactivation  of  Sm^x  from  3.  8  to  3,  2  in 
3  hours.  The  exyg »n  source  was  then  turned  on  to  c.  CuO  pellet  temperature 
of  560°  C.  This  corresponds  to  an  oxygen  partial  pressure  of  7  x  10“^  torr. 

The  secondary  emission  ratio  recovered  partially  while  bombardment  of 
0.5  A/cm^  continued  (hours  3  to  6  1/2).  More  complete  recovery  was 
achieved  at  an  oxygen  pressure  of  6  x  .0"^  torr  (hours  10  1/2  to  14).  Recovery 
of  6  was  also  observed  to  occur  while  the  equipment  was  turned  off  for  64 
hours  (hour  6  1/2).  This  is  attributed  to  reoxidation  of  the  surface;  the  oxygen 
may  come  from  other  tube  surfaces  or  from  deeper  sites  within  the  cathode. 

As  seen  in  Figure  3-24,  the  deactivation  of  the  M0-AI2O3  film  was  more  rapid 
for  electron  bombardment  at  1.  0  A/cm^,  a  decrease  in  6niax  from  3.  4  to 
2.  6  occurring  in  3  hours  (hours  15  1/2  to  18  1/2).  Recovery  was  observed 
using  oxygen  at  a  pressure  of  6  x  10“^  torr.  The  recovery  was  only  partial; 
presumably  a  higher  oxygen  pressure  is  needed  to  maintain  6  under  higher 
current  density  electron  bombardment  conditions. 

3,3,  1.  2  Alumina  films.  Two  samples  of  300A  electron-beam-evaporated 
AI2O3  on  Mo  were  prepared  for  the  EBV  vehicle.  "Fie  effect  of  high  current- 
density  electron  bombardment  (up  to  0.  75  A/cm^)  on  the  secondary  emission 
ratio  (6rnax)  was  measured  as  well  as  the  recovery  of  6max  with  oxygen.  Also, 
nitrogen  and  carbon  dioxide  were  used  instead  of  oxygen. 

The  first  sample  showed  an  initial  6rnax  2,  0  which  subsequently- 
increased  to  3.  8  with  oxygen  treatment  (primarily  under  bombardment  at 
0.  15  A/cm^  in  O2  of  1.  5  x  10"^  torr). 


A  calibration  of  oxygen  pressure  as  a  function  of  CuO  pellet  temperature 
yielded  the  expected  exponential  dependence  P  =  Pq  exp  (-Q/kT)  with  an 
activation  energy  of  220  kilocalories /mole. 
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Figure  3-27.  Activation  of  500A  30%  Molybdenum  -  70%  AI2O3  Film 
on  Molybdenum  Substrate  using  CuO  Oxygen  Source 


Ibe  second  sample  was  exposed  to  O2,  N2,  and  CO2  during  a  41-hour 
period  of  EBV  evaluation.  (See  Figure  3-28.  )  The  initial  effect  of  O2  at 
6  X  10“^*  tcrr  pressure  was  to  increase  Smax  from  2  to  4,  2,  Subsequent 
degradation  of  6rnax  to  2,  6  due  to  0.  75  A/cm2  electron  bombardment  was 
followed  by  an  unsuccessful  attempt  to  increase  6  by  the  use  of  N2  at 
6  X  10"^>  torr.  Following  this,  an  O2  treatment  at  6  x  10~6  torr  did  increase 
6max  from  2.  6  to  3,  05.  Although  this  increase  was  smaller  than  the  initial 
effect,  the  N2  effect  was  decidedly  much  smaller  than  that  of  C2. 


TIME  (HRS)  6tSJ04 


Figvire  3-28.  Sheet  1.  EBV  Time  for  300A. 

Electron-  Beam -Evaporated 
AI2O3  on  Molybdenum 
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TIME  (HRS) 


Figure  3-28.  Sheet  2. 


Sjnax  EBV  Time  for  300A 
Electron-  Beam-  Evaporated 
AI2O3  on  Molybdenum 
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Subsequent  gas  treatments  caused  only  small  effects,  with  ^rnax  varying 
between  2,  3  and  2,  75.  The  results  during  this  latter  portion  of  the  EBV 
evaluation  (hours  23  to  42)  are  deemed  inconclusive  since  the  condition  of  the 
sample  was  not  "normal"  as  evidenced  by  the  lack  of  a  strong,  positive  O2 
response. 

3.  3.  1.  3  Oxidized  aluminum  films.  A  series  of  tests  was  conducted  in 
the  EBV  vehicle  using  aluminum  metal  targets  made  either  by  evaporating  an 
aluminum  layer  on  a  chemically  cleaned,  wet-polished  OFHC  copper  substrate 
or  by  machining  and  chemically  cleaning  an  aluminum  alloy. 


The  target  samples  were  either  naturally  oxidized  (25A  lay-er  of  oxide) 
or  anodized  300A  oxide  layer). 

Three  samples  (E-l,  E-2  and  E-3),  of  an  evaporated  aluminum  layer 
of  9500A  thickness  were  deposited  on  a  chemically  cleaned,  wet-polished 
OFKC  copper  substrate  and  tested  in  the  EBV  vehicle.  The  results  of  80  hours 
of  evaluation  in  the  EBV  for  sample  E2  are  shown  in  Figure  3-29.  Residual 
vacuum  without  oxygen  addition  was  approximately  5  x  10“^  torr.  Recovery 
with  oxygen  at  8  x  10~6  torr  is  shown  during  hours  3  to  11,  After  a  small 
increase  of  6jYxax  (overnight)  while  the  equipment,  including  the  gun,  was  off, 
a  large  increase  to  a  Sj-iax  in  excess  of  4.  0  was  observed  (hours  11  to  19). 
During  this  time,  the  gun  heater  and  gun  cathode  were  at  elevated  temperature, 
but  without  electron  bombardment.  The  increase  may  have  been  due  to  gases 
released  by  the  heater -cathode  structure  of  the  electron  gun.  Subsequent  to  this, 
electron  bombardment  at  0.  75  A/cm^  from  hours  19  to  3  5  caused  5max  to 
decrease  from  4.  0  to  1.  4.  This  sample  never  again  reached  the  high  6  value 
of  4.  0.  The  sample  continued  to  show  the  expected  response  to  O2  and  to 
high-density  electron  bombardment.  The  decrease  of  6rnax  one  to  bombard¬ 
ment  of  0.  75  A/cm^,  which  occurred  during  hours  60-79,  was  quite  slow. 

6max  decreased  from  3.  2  to  1.  5  in  24  hours.  The  results  from  samples  El 
and  E3  were  similar  in  all  respects. 

An  aluminum  target  alloy  6061  (97.  5%  purity)  was  cleaned  and  the 
surface  prepared  in  a  manner  similar  to  that  required  for  plating.  The 
aluminum  target  was  then  mounted  in  the  EBV  and  evaluated  for  92  hours. 

The  resultant  data  are  summarized  in  Figure  3-30.  The  residual  gas  pres¬ 
sure  was  approximately  5  x  10~8  torr.  Additional  oxygen  was  supplied  from 
an  auxiliary,  thermally  activated,  CuO  source. 

The  initial  value  of  6rnax  was  approximately  5  and  stands  out  as  an 
unexpected  result.  Previous  6  measurements  on  room  temperature,  air- 
oxidized,  aluminum  alloy  6061  showed  Smax  values  of  approximately  2. 

Bulk,  crystalline,  aluminum  oxide  displayed  values  of  5,  and  similar 

high  6  values  were  observed  for  AI2O3  films  deposited  on  a  Me  substrate 
by  electron  beam  evaporation  techniques.  However  all  p.  evious  room 
temperature,  air-oxidized,  aluminum  samples  nad  6n^ax  values  less  than 
2.  5,  typically  2.  0, 
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6may  VS  Time  in  Electron  Bombardment  Vehicle  for 
Aluminxim  (Alloy  6061)  Target  (Naturally  Oaddized) 


Figure  3-30  Sheet  1 
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Figure  3-30  Sheet  2.  ^max  vs  Time  in  Electron  Bombardment  Vehicle  for 

Aluminum  (Alloy  6061)  Target  (Naturally  Oxidized) 


Figure  3-30  9ieet  3«  ^max  Time  in  Electron  Bombardment  Vehicle  for 

Aluminum  (Alloy  6061)  Target  (Naturally  Oxidized) 


2 

Figure  3-30  shows  that  bombardment  at  the  10  mA  level  (i.  e.  0.  5A/cm  ) 
results  in  rapid  degradation  of  6  and  some  recovery  occurs  with  the  beam  turned 
off.  As  seen  in  Figure  3-30  (hours  84  1/2  to  87  1/2)  an  O2  pressure  of  1  x  10-5 
torr  was  sufficient  to  maintain  a  Sniax  about  3  during  0,  5  A/cm^  bombardment. 
O2  pressures  less  than  5x10-6  torr  allowed  degradation  at  this  bombardment  level. 
It  appears  that,  in  general,  O2  pressures  in  the  range  10-6  _  10-5  torr  are 
needed  to  maintain  stable  6’s  of  a  naturally  oxidized  aluminum  target  at  high 
bombardment  levels. 

The  tests  with  aluminum  targets  (alloy  6061)  were  repeated  twice  and 
showed  secondary  emission  ratios  (5rnax)  if  om  1.  £  to  2.  5  under  various 
conditions  of  electron  bombardment  and  oxygen  treatment  (for  details  see 
Quarterly  Reports  No.  8  and  12).  It  may  hie  mentioned  that  in  one  experiment 
the  presence  of  hydrogen  during  bombardment  re  stilted  in  degradation. 

A  similar  test  was  conducted  with  a  cleaned  target  of  1100  aluminum 
(99.  0+%  purity}  in  the  EBV  for  43  hours.  The  results  showed  Omax  varying 
between  1.  5  to  2.  5  during  the  bombardment  and  oxygen  treatment  (for  details 
see  Quarterly  Report  No.  8), 
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Samples  consisting  of  aluminum  alloys  6061  and  1100  were  anodically 
oxidized  to  a  depth  of  300A  in  a  tartaric  acid  solution,  but  before  oxidation  the 
sample  surfaces  were  highly  polished.  This  method  is  known  to  produce  a  non- 
porous  oxide  film.  During  a  test  period  of  55  hours  the  samples  responded  to  the 
oxygen  treatment  in  the  same  manner  as  described  for  the  naturally  oxidized 
aluminum  films.  6rnax  varied  from  1.  5  to  3.  0,  (for  details  see  Quarterly 
Reports  No.  9  and  10). 

3.  3.  2  Beryllium  Oxide  !■  ilms.  Beryllium  disc  samples  98'*’%  pure  were 
cut  from  a  beryllium  sheet  by  a  photoetch  process  and  then  diffusion-bonded 
to  a  copper  surface.  These  samples  were  either  naturally  oxidized  or 
anodized  in  tartaric  acid  to  a  300A  oxide  layer. 

Four  beryllium  samples  with  naturally  oxidized  surfaces  were  tested 
in  the  EBV  vehicle  for  periods  of  time  extending  from  50  to  100  hours. 

Ty'pical  test  results  for  a  period  of  98  hours  are  shown  in  Figure  3-31. 


Figure  3-31  Sheet  1.  ^max  EBV  Time  for 

Naturally  Oxidized  Beryllium 
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Figure  3-31  Sheet  2. 


^max  EBV  Time  for 
Naturally  Qicidized  Beryllium 


Beneficial  effects  were  noted  for  O2,  N2  and  COzt  all  at  the  same 
pressure  of  6  x  10"'^  Torr.  The  sequence  of  gas  treatments  was  O2,  N2» 
COp,  and  O2.  All  showed  significant  effects,  but  O2  was  perhaps  iSie 
most  effective.  Typically,  the  gas  treatment  increased  from  approxi¬ 

mately  2.  5  to  between  3.  5  and  4,  0  during  the  first  58  hours'  of  testing.  After 
several  gas  treatments,  the  rate  of  degradation  of  6,  due  to  0.  75  A/cm2 
electron  bombardment  had  slowed  down.  Note  in  Figure  3-31  hours  25  to  40 
and  also  43  to  56. 


Two  beryllium  samples  with  an  anodized  oxide  layer  300A  thick  were 
tested  in  the  EBV  vehicle  for  periods  of  time  up  to  140  hours. 

Figure  3-32  shows  the  restilts  from  a  typical  sample  for  a  period  of 
140  hours.  During  this  time,  the  ta^et  was  exposed  to  residual  atmos^eres 
of  O2  and  N2  at  pressures  of  5  x  10“"  torr;  the  background  pressure  was 
always  approximately  1  x  10-8  torr.  Bombardment  levels  of  0,  75  A/cm2 
(15  mA)  and  0. 15  A/ cm2  ^3  niA)  were  used. 


H  h- 

h  H  K 

^  S*  10'* 

•>-6  *10'*  -‘•5)1 

m»i»s  =  •k  MNUtn^iT 

TOM 

ton  T« 

*®  TiHE  (HK) 


130 

TINE  (RRS) 


Figure  3-32  Sheet  3.  ^xiXix  EBV  Time  for  300A  Anodized  Beryllium 


The  data,  taken  during  the  first  37  hoiirs  showed  a  positive  response  to 
02  at  1  X  10” 5  Torr.  Farther  evaluation  showed  a  positive  response  to  O2 
at  the  same  pressure  starting  at  hoiur  58.  Continued  bombardnient  of 
0.  75  A/cm2  caused  ifxixx  ^  decrease  to  3.  2  after  reaching  a  maximum  of 
3.  9.  Subsequent  efiorts  to  determine  the  restorative  effects  of  N2  were 


inconclusive; 


remained  between  2.  8  and  3.  0,  with  at  most  a  sn^all 


N2  effect  which  was  not  reproducible.  Rechecking  the  restorative  effect  of 
O2  at  hour  99  showed  a  negligible  effect  with  Smax  8.  This  may  be 

interpreted  to  imply  a  deteriorated  sample.  However,  a  positive  response  to 
N2  at  hour  130.  5  showed  an  increase  of  Smax  from  2,  4  to  2.  85.  It  seems 
reasonable  to  suppose  that  the  ’’condition"  of  the  sample  at  that  time  was  such 
that  recovery  with  N2  or  O2  would  only  be  evident  if  6niax  below  2.  8  and 
that  recovery  would  occur  to  a  maximum  value  of  of  2.  8. 

3.  3.  3  Impregnated  tungsten  and  nickel-cermet  cathodes.  Three 
impregnated  tungsten  samples  of  the  standard  (4-1-1)  impregnant  composition 
and  20%  porosity  were  prepared  and  tested  in  the  EBV  vehicle. 

The  results  for  sample  no.  2  are  shown  in  Figure  3-33  which  shows  the 
effects  on  firnair  caused  by  heating  for  purposes  of  activation  and  by  electron 
bombardment  in  the  hot/cold  EBV. 

After  disassembly  the  samples  appeared  clean,  there  being  no  apparent 
discoloration  due  to  extraneous  deposits,  nor  to  the  electron  bombardment 
stress,  nor  to  the  activation  heating. 

Prior  to  the  testing  of  sample  no.  1  the  target  heater  had  been  modified 
for  greater  thermal  efficiency.  Additional  shielding  of  the  target  had  also 
been  provided  to  prevent  the  deposition  of  foreign  material  on  the  target 
surface.  These  modifications  appear  to  have  been  successful. 

The  samples  appeared  to  stabilize  to  a  2  to  2.  3  after  periods 

of  electron  bombardment.  The  maximum  value  of  6max  observed  was  3.  3  in 
the  case  of  sample  no.  1  and  2.  6  for  sample  no.  2.  These  are  lower  than  a 
value  of  4. 4  reported  in  connection  with  the  work  in  the  SEE  vehicle  for  a 
similar  sample  at  best  activation. 

A  nickel-cermet  sample  was  run  for  38  hours  duiing  which  time  several 
activation  periods  at  different  temperatures  ranging  from  about  800®  C  to 
1100® C  were  tried,  but  the  sample  failed  to  respond.  During  the  tests  5max 
ranged  from  1,  3  to  i.  8.  The  sample  appeared  clean  and  the  structure  showed 
minimal  evaporation  upon  disassembly. 

3.  3. 4  BCTyllium-copper  and  silver  magnesium  alloys.  The  beryllium- 
copper  alloy  (2^  Be)  was  processed  by  directions  supplied  by  Beil  Telephone 
Laboratories. 

The  sample  was  then  run  for  40  hours  of  EBV  time  (Figure  3-34)  during 
which  O2  rejuvenation  of  Smax  was  carried  out  with  3  mA  (0.  15  A/cm^) 
bonibardment.  After  each  O2  treatment,  6max  was  deteriorated  by  bombard¬ 
ment  with  both  3  mA  and  15  mA  (0.  75  A  fcmA)  bombardment  current. 


See  Section  3.  2. 6.  2. 
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“33.  Time  for  Impregnated  Tungsten  Sample  No, 


Figure  3-34.  ^max  vs  EBV  Time  for  Optimally 
Oxidized  Beryllium-copper 


The  background  pressure  during  the  tests  was  always  1  x  10“8  torr  or 
less,  and  O2.  pressures  used  for  reactivation  varied  from  5  x  10-6  torr  to 
2  X  i0”5  torr. 


1^^ 


The  initial  value  of  for  this  sample  was  4.  4,  but  this  deteriorated 

rajddly  to  3,  35  in  30  minutes  under  3  mA  (0.  15A/cm2)  electron  bombardment. 
This  initiai  value  of  ^m^x  corresponds  well  with  the  values  obtained  in  the 
secoi^ry  emission  vemme  for  optimally  oxidized  beryilitim-copper.  The 
sample  responded  favorably  in  all  instances  when  O2  reactivation  of 
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was  attempted  both  with  and  without  the  3  mA  (0.  15  A/cm^)  bombardment.  It 
was  also  observed  that  ^rnax  increased  typically  from  .2.  9  to  3.  7  with  bombard¬ 
ment  and  slightly  less  without  it. 

Optimum  oxidation  of  the  silver-magnesium  alloy  (7%  Mg)  was  obtained 
using  a  two-step  process  described  in  Section  3.  2.  6.  1  of  this  report. 

The  appearance  of  the  film  on  the  sample  at  ttds  point,  as  reported  by 
Rappaport,  37  should  be  a  shiny  yellow.  Our  samples  compared  favorably  with 
this  description. 

The  sample  which  was  run  for  12.  5  hours  in  the  EBV  (Figure  3-35) 
showed  a  lower  6tnax  than  was  expected  initially.  Improvement  of 
which  is  sometimes  observed  when  the  testing  is  continued,  did  not  occur. 

The  sample  was  given  two  02  treatments,  but  did  not  show  any  great  response 
so  the  test  was  ended.  During  the  tests,  6max  varied  from  approximately  2.  3 
to  2.  7.  After  examining  the  sample  and  considering  all  possible  reasons  for 
the  lack  of  response,  it  was  concluded  that  the  bakeout  temperature  (400*0} 
was  too  high.  At  that  temperature  the  vapor  pressure  of  the  Mg  is  excessive, 
probably  causing  fresh  Mg  to  diffuse  through  to  the  surface  and,  in  turn, 
causing  the  sample  to  change  characteristics  as  far  as  6  is  concerned.  The 
work  with  these  samples  in  the  SEE  vehicle,  using  a  lower  (200 *C)  bakeout 
temperature  (see  Section  3.  2.  6.  3),  seems  to  verify  these  deductions. 


Figure  3-35.  ^max  Time  for  Optimally 

Oxidized  Silver-magnesium 


3,  3.  5  Boron  nitride.  Two  BN  film  samples  were  prepared  and  evaluated 
in  the  Electron  Bombardment  Test  Vehicle  (EBV).  These  films  were  formed 
by  chemical  vapor  deposition  (CVD)  techzuques  to  a  thickness  of  200A  on  Mo 
substrate. 

The  results  of  electron  bombardment  at  0,  5  A/cm^  and  1,  2  kVare 
shown  in  Figures  3-36  and  3-37  for  BN  samples  no.  1  and  2  respectively. 

The  secondary  emission  ratio  remained  constant  for  up  to  8  hours  of  bombard¬ 
ment.  ^xnajc  between  1. 7  and  2.  1  and  Vpm..if  was  between  350  and  400  volts. 
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Figure  3-36,  vs  Electron  Bombardment  Time  in  EBV  at 

0.*5  A/cm2  and  1.  2  kV  for  200A  CVD  BN  Film 
No,  1  on  Mo  Substrate 

The  observed  values  of  6  were  much  lower  than  the  value  of  Snxaoc  3 
measured  in  the  SEE  Vehicle  on  apparently  similar  BN  film  (see  Section  3.  2,  5). 

A  repeat  of  the  test  with  another  BN  film  sample  had  similar  results  as 
those  shown  in  Figures  3-36  and  3-37.  No  explanation  can  be  given  for  the 
unexpected  low  6  values.  Values  of  6  in  the  EBV  ..lay  be  15%  low  as  indicated 
by  our  previous  measurements  on  platinum.  The  discrepancy  is  definitely 
outside  of  experimental  error, 

3,  3,  6  Summary  of  results  in  the  Electron  Bombardment  Vehicle.  The 
results  of  the  tests  conducted  in  the  EBV  are  briefly  summarized  as  follows: 

1.  Platin\mi 

a*  ^max  measured  in  the  EBV  was  1.  54,  i.  e.  15%  lower  than 
the  value  measured  in  the  Secondary  Emission  Test  Vehicle 
(SEE). 

b.  Electron  bombardment  at  0.  5  A/cm^  and  1200  V  dc  for 
several  hours  caused  no  deterioration  of  Smaix* 
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Molybdenum-alumina  films  on  copper  substrate 

a.  A  lOOOA  film  of  30%  Mo  -  70%  AI2O2  showed  an  increase  of 
^max  from  2.  2  to  2.  7  after  the  first  IS  hours  of  electron 
bombardment  in  vacuum  at  0.  3  A/cm2  and  1200  V, 

b.  Under  electron  bombardment  in  vacuum  at  1.  0  A/cm^ 
and  1200  V,  6rnax  decreased,  but  appeared  to  level  off 
at  1.  7  after  approximately  22  hours  of  bombardment. 

^max  nieasured  in  the  EBV  at  0  hour  was  the  same  as 
that  found  for  a  similar  sample  in  the  SEE. 


3. 


Molybdenum-alumina  films  on  molybdenum  substrate 

a.  The  initial  Sjnax  500A  30%  Mo-70%Al2O3  film  was  3.  8 
and  decreased  to  3.  2  within  3  hours  of  electron  bombard¬ 
ment  in  vacuum  at  0.  5  A/cm^  and  1200  V. 


A  fima-g  of  3.  6  could  be  maintained  for  a  500 A  30%  Mo- 
70%  Ai203  film  by  an  O2  partial  pressure  of  6  x  10~^  torr 
during  electron  bombardment  at  0.  5  A/cm^  and  1200  V. 


Alumina  films 


a.  Initial  ^max  values  of  two  3 00 A  thick  electron  beam 
evaporated  films  on  Mo  were  2  and  2.  4. 

b.  Presence  of  O2  or  CO2  during  electron  bombardment  at 

0,  15  A/cm2  had  a  beneficial  effect  on  T^2  ® 

decidely  smaller  effect,  if  any.  Electronoombardment 
in  vacuum  degraded  improved  Sj^ax  value  s. 

c.  Optimum  values  of  Sniax  obtained  through  the  use  of  O2 
were  3.  8  and  4.  2. 

d.  Repeated  use  of  O2  resulted  in  a  diminishing  of  the  recovery 
effect. 


5.  Naturally-grown  oxide  films  on  vapor -deposited  aluminum 

a.  Ihree  samples  shewed  initial  6max  values  ranging  from 
2. 4  to  2.  7. 

b.  Electron  bombardment  in  vacuum  at  0.  5  or  0.  75  A/cm^ 
degraded  Sniax  to  a  fairly  stable  value  of  1.  5 

c.  Presence  of  O2  at  pressiires  in  the  upper  IC"^  torr  range 
and  moderate  bombardment  improved  Sjnax  values 
between  2.  5  and  3. 
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Naturally  oxidized  aluminum  alloy  6061 

a.  Two  samples  showed  6rnax  values  ranging  from  1,  5  to  2.  5 
under  various  conditions  of  electron  bombardment  and  O2 
treatment. 

b.  Hydrogen  seemed  to  have  a  detrimental  effect  on  6^a-y. 

c.  The  initial  6jjiax  ^  third  sample  waa  surprisingly  high 
(about  5),  but  rapidly  deteriorated  to  about  2  under  electron 
bombardment  in  vacuum  at  0.  5  A/cm^. 

d.  Use  of  O2  without  bombardment  gradually  increased  the 
Smaif  of  this  sample  to  4. 

e.  O2  in  the  pressure  range  of  10“^  to  10“^  torr  appeared  to 
be  capable  of  maintaining  Smstie  at  a  level  of  approximately 
3  under  electron  bombardment  at  0,  5  A/cm^. 

Naturally  oxidized  aluminum  alloy  1100 

a.  The  cample  showed  an  initial  value  of  2  to  2.  5. 

b.  Under  electron  bombardment  at  1  A/cm2  in  vacutim,  ^max 
appeared  to  become  fairly  stable  at  1.  5. 

c.  Presence  of  O2  improved  to  about  2. 

Anodized  aluminum  alloys  6061  and  1100 

The  samples  anodized  to  300A  thickness  showed  variation  of 

6max  between  1.  5  and  3  tinder  various  conditions  of  electron 

bombardment  and  O2  treatment. 

Naturally  oxidized  beryllium 


6max  varied  between  2  and  4  during  98  hours  of  electron 
bombardment  under  various  conditions. 

6max  decreased  under  bombardment  in  vacuum  at  0.  75  A/cm^ 
and  significantly  increased  under  bombardment  at  0.  15A/cm2 
in  atmospheres  of  O2,  N2»  CO2,  and 

The  fluctuations  in  the  value  of  decreased  with 

increasing  number  of  gas  treatmes^  and  the  degradation 
of  electron  bombardment  at  0,  75  A/cm^  in 

vacuum  was  delayed. 
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Anodized  beryllium 


^max  varied  between  1.  7  and  3.  8  during  140  hours  of 
electron  bombardment  under  various  conditions. 

fimav  showed  the  usual  deterioration  during  bombardment 
in  vacuum  at  0.  75  A/cm2  and  increased  under  bombard¬ 
ment  in  O2  at  0.  15  A/cm2. 

c.  A  beneficial  effect  of  on  Smax  v/as  not  as  clearly 
indicated  as  in  the  case  of  O2. 

tl.  The  phenomena  observed  toward  the  end  of  the  test  period 
suggested  that  the  sample  was  in  such  a  condition  that 
improvement  of  beyond  a  certain  value  (at  that  time  2.  8) 

was  impossible.  Consequently,  recovery  by  O2  or  N2 
treatment  was  only  evident  when  ^low  this  value. 

Impregnated  tungsten  cathodes 

^max  remained  fairly  stable  at  2,  2  during  electron  bombard¬ 
ment  at  0.  5  A/cm2  in  vacuum  for  1 5  houi  s. 

b.  O2  treatment  had  no  significant  effect  on  &max' 

2fickel-cermet  cathode 

^max  ranged  from  1.  3  to  1.  8  in  spite  of  an  extensive  effort  to 
improve  5mair  by  suitable  activation  methods. 

Beryilium-copper  alloy  (2%  Be) 

a.  The  inifial  value  of  ^rnax  ^  "*• 

b,  ^max  rapidly  deteriorated  under  electron  bombardment  in 
vacuum  even  at  moderate  bombardment  levels  (0.  i5A/cm2). 

®max  responded  favorably  to  O2  reactivation. 

d.  Typical  increases  of  in  the  presence  of  O2  were  fiom 

2,9  to  3,  7  under  electronoombardment  at  0.  15  A/cm^. 

(They  were  somewhat  smaUer  without  bombardment.  } 

Slver-naagnesium  alloy  (7%  Mg) 

a.  The  initial  value  of  an  optionally  oxidized  sample 

was  2.  5. 

b.  Electron  bomba  rHnient  ia  O2  had  little  effect  on 


15.  Boron  nitride 


The  initial  value  of  was  approximately  1.  7. 

This  value  was  much  lower  than  the  value  of  4.  3  m«asured 
for  an  apparently  similar  sample  in  the  SE£. 

6maif  remained  constant  under  bombardment  in  vacuum  at 
0.  5  A/cm^  for  at  least  8  hour  s. 


3.4  Ion  boinbardment  of  cold  cathodes.  The  Ion  Bombardment  Vehicle 
(IBV)  is  a  demountable  inexpensive  test  vehicle  used  for  flie  evaluation  of 
sputtering  erosion  of  cold  cathode  materials.  A  simplified  schematic  of 
iMs  device,  including  circuitry,  is  shown  in  Figure  3-38. 


tamttai 


Figure  3-38. 


Schematic  of  the  Ion  Bonibardment  Vehicle  Sputtering 
Apparatus. 
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The  method  used  for  producing  the  incident  ions  constitutes  a  low 
pressure  gas  discharge  in  a  magnetic  field.  It  overcomes  some  of  the  vm- 
dcsirable  effects  of  the  glow  discharge  method,  such  as  multiple  collisions 
of  gas  particles  and  back-diffusion  of  sputtersd  target  atoms  to  the  target. 

The  use  of  a  low  pressure  results  in  a  longer  electron  mean  free  path  and 
reduced  ionization  of  the  gas.  The  applied  parallel  magnetic  field  {300  gauss} 
tends  to  i^ercome  feis  limitation  so  that  ion  current  densities  of  about 
4  ma/cm  at  several  kV  energy  are  achievable.  Sputtering  erosion  is 
confined  to  an  area  of  approximately  1/8  inch  in  diameter  on  the  target 
surface. 

39 

Other  methods,  such  as  the  supplemented  low-pressure  arc  or  the 
use  of  well  defined  ion  beams,  were  deemed  either  not  feasible  or  too 
complicated  for  the  program. 

TTie  IBV  was  operated  with  nitrogen  at  approximately  10  ^  torr.  2 

Under  these  conditions  ion  bombardment  current  densities  of  1  and  2  mA./  cm 
were  used  to  sputter  the  following  target  materials ;  Pt,  30%  Mo  -  70% 

Al^Oj  film  on  Mo  substrate,  electron-beam  evaporatc-c  .A1,0^  films  on  Mo 
substatej  impregnated  tungsten,  and  nickel  cermet.  “ 


3.  4.  1  Material  samples* 

3.  4.  1.  1  A  Pt  target  was  sputtered  at  a  current  density  of  ImA/cm* 

and  a  voltage  of  2  kV  for  I  hour.  Under  the  design  conditions  of  the  IBV  only 
a  3/16  in.  diameter  central  portion  of  the  3/8  in.  diameter  target  was 
sputtered.  The  sputtered  region  had  a  dull,  etched  appearance  as  compared 
to  the  shiny  unsputtered  region.  Under  microscopic  examination  (400X 
magnification)  it  was  observed  that  the  sputtered  region  was  highly  decorated 
wifii  many  edge  and  screw  dislocations,  evidently  due  to  selective  sputtering 
at  the  surface. 


3.  4. 1.2  30%  Mo  -  70%  Alz03  films  on  Mo  substrate.  A  200A  film  was 
sputtered  at  1  mA/cm^  and  800  volts  for  20  minutes.  After  10  minutes  file 
central  spattered  region  was  only  partially  removed,  but  after  20  minutes  the 
film  was  completely  sputtered  away.  Following  this  a  series  of  six  lOOOA 
films  were  sputtered  at  I  mA/cm^  and  650  volts  for  various  times  up  to  a 
maximum  of  90  minutes.  The  central  sputtered  region  showed  progressive 
color  changes  indicating  the  reduction  in  film  thickness,  with  complete 
erosion  occurring  after  90  minutes.  A  sinaplified  sketch  of  the  film  after 
90  minutes  of  sputtering  is  shown  in  Figure  3-39.  A  central  portion  shows 
the  Mo  substrate  where  the  film  has  been  completely  eroded  away.  Surrounding 
this  region  are  successive  colored  rings  which  are  similar  to  those  films 
which  had  been  sputtered  for  shorter  time  periods.  The  colored  ring's  in 
Figure  3-39  are  enlargea  out  of  proportion  for  purposes  of  clarity. 

Another  set  of  six  lOOOA  films  were  sputtered  at  2  mA/cm^  and 
1100  volts,  the  results  being  quite  similar  to  the  previous  set  except  that  it 
took  about  half  as  much  time  to  spatter  through  to  the  substrate  material. 


An  estimate  was  made  of  the  sputtering  yield  of  AI2O3  from  the  above 
data.  By  neglecting  the  Mo  component,  one  obtains  a  yield  of  0.  007  molecules/ 
ion  at  650  volts  for  nitrogen.  This  is  in  reasonable  agreement  with  a  vahje 
of  yield,  S  =  0.  016  moiecules/ion,  deduced  from  the  data  of  Wehner  et  al  ^  ^ 

for  the  Hg  spattering  of  AlgOs  at  650  volts  when  we  apply  a  correction  fc.cipr 
of  0.  47''  to  adjust  the  value  to  Ng  sputtering  of  AI2O3.  The  mean  free  path 
01  N2  at  25 °C  and  p  =  10“3  Torr  is  approximately  5  cm.  Therefore  the  error 
due  to  the  backscattering  of  s^ttered  neutrals  is  not  expected  to  be  large. 

Based  on  a  depletion  time  of  90  minutes  for  a  lOOOA  film  subjected  to 
an  ion  bombardment  current  density  of  1  mA/cm^  at  650  volts,  one  can 
project  a  film  life  of  50  hours  at  0.  03  duty  cycle  operation.  However,  the 
average  ion  bombardment  current  density  in  the  CFA  is  estimated  to  be  only 
~10  |iA/cm2.  Based  on  this  assumption,  the  sputtering  life  of  file  lOOoA  film 
in  the  QKS13i9  CFA  test  vehicle,  operating  at  a  duty  cycle  of  0.  03,  would  be 
approximately  5000  boars. 


3. 4.  1.  3  Alumina  films  on  a  molybdenum  substrate.  Two  electron-beam 
evaporated  Al-;03  films  were  deposited  on  a  Mo  substrate  and  then  sputtered 
to  cause  complete  erosion  of  file  films.  Due  to  a  slight  coloration  in  the  films, 
it  was  possible  to  determine  when  file  film  was  completely  removed;  the  Mo 
substrate  was  then  directly  visible.  The  sputtering  was  performed  in  N2  at 
10“3  torr  and  at  an  ion  bombardment  current  density  of  1.  2  mA/cm^  for 
both  films. 


*  This  factor  is  obtaiined  from  daca  for 
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sputtering  copper  with  and  Hg. 


The  500  A  film  was  bombarded  at  1.  2  kV  ion  energy  and  was  completely 
eroded  in  15  minutes,  corresponding  to  a  sputtering  yield  of  0.  017  molecules 
ion.  The  1000  A  film  was  bombarded  at  0.8  kV  ion  energy  and  was  completely 
eroded  in  35  minutes,  corresponding  to  a  yield  of  0.015  molecules/ion. 

3.  4.  1.  4  Impregnated  tungsten.  Two  impregnated  tungsten  samples 
were  sputtered  at  2  mA/cm^  and  1.  8~kV,  These  samples  were  similar  to 
some  of  those  previously  reported  and  bad  tiie  following  compositions: 

sample  no.  1-4  BaCOs  :  1  CaC03  :  1  Ai203 
fs-ster  activating  type 

sample  no.  2  -  3.  5  3aC03  :  1  CaCOj  :  1  .^d2Q3 
slightly  slower  activating  type. 

Sample  no.  1  was  sputtered  under  the  above  conditions  for  2  hours,  vmile 
sample  no.  2  was  sputtered  for  only  i  hour.  The  results  were  qualitatively 
similar  wi^  sample  no.  1  showing  a  more  pronounced  effect,  in  each  case 
only  .1  central  region  of  approximately  3/26  in.  in  diameter  was  spattered 
so  that  each  sample  contained  both  spattered  and  urts puttered  regions. 

Figures  3-40  smd  3-41  show  a  comparison  of  a  spattered  a:^  an  nnspottered 
portion  of  sample  no.  1  at  a  magnification  of  210X.  in  each  photograph,  file 
white  areas  are  interpreted  as  representing  reflecting  metallic  tungsten 
areas.  The  dark  areas  probably  represent  depressions  in  file  sux&ce,  whose 
bottoms  may  be  filled  either  wifii  impregsant  or  with  tongsten.  The  sam|des 
had  been  polished  imtialiy  to  a  final  polish  using  4/0  emery  paper.  Typically, 
this  typ>e  of  polishing  results  in  the  removal  of  impregsant,  leaving  depres¬ 
sions  in  the  surface.  An  analysis  of  the  photograph  of  file  unsputtered  region 
showed  the  dark  area  to  cover  15^  of  the  surface.  This  is  in  reasonable 
agreement  with  file  usual  20%  porosity  of  the  tungsten  caatrix.  A  similar 
analysis  of  the  spattered  region  reveled  a  47%  dark  area  coverage  of  the 
surface.  It  is  supposed  that  the  spattering  of  the  sur^ce  loosened  additional 
tungsten  particles^  reveal!:^  more  depressed  areas. 

3.  4.  i.  5  Ifickei  cermet.  Two  nickel  cermet  samples  were  sputtered  a- 
a  current  density  of  2  mA/cm^  and  a  voltage  of  2  kV  for  o»  hour.  Each  had 
the  same  ccunpositiou,  namely  70%  Ifi  and  30%  Radio  Mix  No.  3.  **  Cbe  of 
the  samples  was  polished  using  4/0  erne  *7  paper:  the  other  was  lefi  unpdishsd. 
Bofii  samides  showed  a  darkening  of  the  censer  of  file  spattered  re^on.  The 
policed  sample  was  subjected  £0  microscomc  examisaSion  and  as  Figure  3-42 
shows,  at  a  magnification  of  SOX  there  exists  a  strong  contrast  between  file 
erosion  of  file  spattered  and  unsputtered  regions.  2  is  supposed  fisat  the  iratial 
polishing  caused  the  soft  sdekei  to  smear  over  file  areas  coTitaiais^  Ramo 
Mix  No,  3  and  that  the  spatter^-cg  eroded  away  file  smear^-cver  film. 

2  was  also  possilue  to  detect  i_any  tuts  in  Sie  lighf  areas  Cssetal)  of  file 
spattered  region;  these  were  not  presented  in  the  enspattered  regions. 

^condary  emission  measurements  were  fiien  made  of  Sie  spattered 
sammes  of  ?t,  fiie  impregnated  tungsten  samples,  and  bofii  the  polished  and 
ui^ilished  IS  cermet  samples.  The  results  are  described  in  Sectioa3.4.  Z. 

*  &sme  metallic  dust  was  fesird  »£  file  bottom  of  the  IBV. 

^  Ramc  Mix  No.  3  contains  60%  3a  Cp3  and  40%  Sr  CO3  by  wei^it  ana  has 
an  average  particle  size  of  5  to  6  microns.  ^ 
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.•igure  3-40.  impregnated  Tungsten  Sample  Ko.  1 
Sputtered  at  2  mA/cm^  and  1.  8  kV 
(21  OX  Magnification) 


igure  3-41.  impregnated  lungsten  Sample  No.  1 
Unspultered  (21  OX  MagniScation) 


i 


Figure  3-42.  Polished  Cermet  Sample  Sputtered  at  2  mA/cm^ 

(SOX  Mag, ,  sputtered  region  above  diagonal, 
unsputtered  region  below). 

3.4.2  Secondary  emission  measurements. 

3.4.  2. 1  Sputtered  Samples.  After  being  sputtered  in  the  IBV,  tiie  Pt, 
impregnated  tungsten,  and  nickel  cermet  samples  were  installed  in  the  secon- 
^3-ry  emission  (SF£)  test  vehicle  for  measurement.  The  secondary  emission 
measurements  are  summarized  in  Table  3-7.  There  is  some  indication  from 
these  data  that  the  polished  samples  have  a  somewhat  higher  6  than  file  unpol¬ 
ished  san^iles. 


An  indication  of  the  effect  of  sputtering  on  6  was  obtained  by 
scanning  across  the  target  surface,  thus  passing  through  sputtered  and  unsput¬ 
tered  regions  on  the  same  sample.  The  indications  from  these  eiqperiments  are 
that  sputtering  tends  to  lower  6  by  up  to  10%  for  the  nickel  cermet  and  impreg- 
^^ted  tungsten  samples.  It  was  observed  that  sputtering  had  no  discemihle 
effect  cn  6  of  the  Pt  sample. 

Some  observations  of  fluorescence  were  also  made  in  the  case  of 
th^  nickel  cermet  samples  j  the  other  samples  did  not  show  any  fluorescence* 
There  were  differences  between  sputtered  and  unsputtered  regions  as  well  as 
between  polished  and  unpolished  samples  of  Ni  cermet.  These  observations 
are  summarized  in  Table  3-8.  The  white  spots  observed  in  the  unsputtered 
region  of  the  polished  Ni  cermet  samples  were  regions  which  had  a  high  5,  and 
showed  charging  effects.  It  is  supposed  that  file  white  spots  contain  BaO. 


Table  3-7* 

Secondary  Emission  Ratio  {6„_^)  for  Various 

rxiojw 

Sputtered  Samples 


6max,  after 

6max,  after 

5max,  after 

Sample 

system 

1  St  heat 

2nd  heat 

b^eout 

treatment 

treatment 

1.  Pt,  spattered 

1.  64 

1.95 

(1000°C-10  min) 

2.  Impregnated 

Tungsten  (4-1 

-1),  2.30** 

5.  52** 

3.24**^ 

sputtered 

(1050OC-15  min) 

(1050OC-15  min) 

3.  hnpregnated 

Tungsten 
(3.  5-1-1), 

1.76 

2. 66 

2.66 

sputtered 

(1050°C-15  min) 

(1050*^0-15  min) 

4,  Ni  cermet,  * 

1.  50 

1.84 

2.06 

unpolished. 

sputtered 

{  850°C-10  min) 

.{  900*^C-10  min) 

5.  Ni  cermet. 

1.91 

3.00 

2.84 

polished. 

sputtered 

(  850OC-10  min) 

(1000°C-20  min) 

6.  Ni  cermet,  * 

1.84 

3.00 

2.96 

polished, 

Tmsputtered 

(  850°C-10  min) 

(1000*^0-10  min) 

-1  »T-  * 

7.  Ni  cermet. 

1.39 

2.  57 

2.58 

impolished, 

unsputtered 

(  850°C-10  min) 

(1000*^0-10  min) 

Ail  four  Ni  cermets  had  the  same  composition  (70%  Ki,  30%  Radio  Mix 
No.  3),  and  were  processed  identically. 

This  measurement  refers  to  sputtered  region  only. 


Table  3-8 

Fluorescence  of  Ni  Cermet  Samples 


Polished 

Sample 


Unsputtered 

Region 


Slightly  Sputtered 
_ Region _ 


Ifighly  S]^ttered 
Region _ 


greyish  white 
background, 
with  white  spots 


so  white  spots, 
hardly  any 
fluorescence 


no  fluorescence 


Unpolished 

Sample 


blue,  greyish  white 

no  white  spots 


no  fluorescence 


3,  4. 3  Sumnaary  of  results  in  ion  bombardment  vehicle* 


3.  4.  3,  1  Alumina  films  on  molybdenum,  Electron-beam-eyaporated 

films. 


a.  Sputtering  of  SOOA  and  lOOOA  films  with  No  resulted  in  3rields 
of  0. 015  molecules/ion  at  0.  8  kV  and  0,  017  molecules/ion  at 
1. 2  kV.  (Ion  bonibardment  density  1.  2  ma/cm^  in  both  cases. ) 


b.  These  films,  when  half  eroded  by  spattering,  had  (is  SE£>‘ 

vehicle)  of  ~1.  4  in  the  sxuttered  region  and  of  ~2.  3  in  the 

unsputtered  region  of  same  sample. 


3.  4.  3.  2  30%  Mo  -  70%  A1?.0^  films  on  Mo  substrate.  Electron-beam- 
evaporated  films. 


a.  Sputtering  of  1000  A  filnas  with  N2  resulted  in  a  yield  of  0.  007 
molecules/ion  at  0. 65  kV  in  N2.  (Ion  bomibardment  density  of 

1  mA/  cm^. ) 

3 . 4. 3 . 3  Impregnated  tungsten  cathodes. 

a.  Sputtering  with  N2  for  2  hours  at  2  noa/  cm^  and  1. 8  KV  caused  a 
significant  amount  of  falling-out  of  tungsten  particles. 

b.  These  sputtered  san:q>Ies  showed  a  reduction  in  5  of  approximately 
10%  by  comparison  of  sputtered  and  unsputtered  regions  of  sama 
sample. 
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3.4. 3.4  Ni  cermet  cathodes. 


a.  Some  darkening  of  the  sputtered  area  was  observed. 

b.  Unsputtered  areas  showed  fluorescence;  sputtered  area.s  did  not. 

c.  The  sputtered  saxiq>les  showed  a  reduction  in  6  of  approximately 
10%  by  comparison  of  sputtered  and  ;insputtered  regions  of  same 
sazxq>le, 

3. 4.3.5  Platinum. 

a.  Sputtered  sample  showed  no  change  in  6 

4.  DISCUSSION  OF  THE  RESULTS  OF  PHASE  A  AND 
RECOMMENDATIONS 

The  materials  investigation  of  the  program  has  indicated  a  number 
of  prospective  ca&ode  materials  for  use  in  crossed-field  aplifiers  (CFA*  s). 
Thin  films  of  the  refractory  metal  oxides,  such  as  AI2O3  and  BeO,  and  im¬ 
pregnated  txmgsten  were  considered  as  the  most  promising  candidates,  and 
much  of  the  effort  was  fiierefore  spent  on  the  investigation  of  these  materials. 

BeO  films  were  attractive  because  of  the  relatively  high  values  of 
S  cStainahle  imder  certain  conditions.  A  shortcoming  of  these  materials  is 
the  dissociation  under  electron  bombardment.  As  has  bees  shown,  however, 
this  problem  can  be  overcome  by  providing  a  suitable  gaseous  environment, 
in  particular,  a  low-pressure  atmosphere  of  0^  was  found  to  stabilize  AI2O3 
and  BeO  films  under  electron  bombardment  so  that  acceptable  values  of  6  can 
be  maintained  over  extended  periods  of  time.  The  feasibility  of  this  approach 
was  confirmed  by  operating  such  oxide  films  as  cathodes  in  CFA  test  vehicles 
as  will  be  described  in  detail  in  the  "Phase  B"  section  of  this  report. 

Although  the  feasibility  of  the  method  has  been  demonstrated,  and 
nunserous  experiments  have  been  conducted  with  different  types  of  Ai20^  and 
BeO  films  under  various  conditions,  the  investigation  must  still  be  considered 
as  being  far  from  con^iete  because  of  the  many  variables  which  have  to  be 
taken  into  account.  No  definite  conclusions  can  therefore  be  drawn  from  the 
present  results^  and  only  speculations  and  guidelines  for  future  work  can  be 
offered. 

It  is  reasonable  to  assxime  that  the  electron  bombardment  causes 
bond-breaking  in  the  oxide  films  and  release  of  bofii  metal  and  oxygen  atoms, 
but  predominantly  of  oxygen  atoms  (see  Section  1.4.3).  The  loss  of  O2  renders 
the  oxide  more  metallic  aixi  this,  in  turn,  tends  to  decrease  5.  Improvement 
of  5  by  administering  O2  may  then  be  explained  by  oxidation  of  the  excess  metal, 
i.  e.,  regeneration  of  the  oxide.  However,  ffiis  single  explanation  is  acceptable 
only  under  fee  condition  that  no  electron  bombardment  takes  place  simultan¬ 
eously  with  the  O2  treatment.  The  processes  occuring  in  the  presence  of  O2  and 
electron  hoiribardment  are  certainly  more  complicated. 
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Our  observations  made  in  the  EBV  indicated  a  tendency  of  6  to 
settle  down  at  a  value  intermediate  between  the  maximum  and  minimum  value 
found  as  a  result  of  repeated  electron  bombardment  dissociation  and  02“ 
assisted  regeneration  of  the  surface  oxides.  This  may  be  tentatively  explained 
by  assuming  that,  after  much  surface  manipulation,  a  metal-rich  film  of  only 
2-3  atom  layers  has  formed  at  the  surface  and  now  protects  the  6  enhancing 
oxide  layer  underneath  from  further  dissociation. 

The  observed  effects  of  typical  tube  gases  other  than  O2  and  6  are 
also  of  interest  inasmuch  as  they  point  to  other  factors  which  may  have  to  be 
taken  into  consideration  when  attempting  to  explain  the  observations.  It  is 
recalled  that  the  presence  of  H2,  C02,and  N2  caused  significant  recovery  of 
6  in  the  case  of  Be.  (The  improvement  of  S  was  not  so  dramatic  with  Al. ) 

This  effect  on  die  6  of  Be  reminds  one  of  the  behavior  of  many  metals  which 
show  a  higher  5  prior  to  degassing,  i.  e.  when  absorbed  gases  are  still  present 
at  their  surface.  It  may  be  speculated  that  work  function  lowering  due  to 
absorbed  surface  layers  is  responsible  for  these  effects.  In  this  connection 
it  may  be  mentioned  that,  with  regard  to  O2,  there  is  indeed  some  indication 
based  on  work  function  measurements  reported  in  the  literature^  that  O2 
absorbed  on  a  previously  cleaned  Be  surface  causes  a  lowering  of  the  work 
fimction  from  approximately  5  to  4  ev.  The  beneficial  effect  of  O2  on  the  5 
of  Be  may  therefore  result  from  two  sources,  i.  e.  oxide  regeneration  and  work 
function  reduction. 

The  impregnated  tungsten  caiJiode  has  not  been  investigated  in  the 
program  as  extensively  as  the  AI2O3  and  73e0  surface  layers.  The  impregnant 
used  in  the  experiments  was  exclusively  barium-calcium-aluminate.  Only  the 
ratio  of  the  components  was  varied.  The  result  of  the  investigation  indicated 
the  importance  of  a  suitable  activation  schedule  for  obtaining  favorable  5 
values.  The  tendency  of  6  to  increase  and  then  to  decrease  as  a  result  of  the 
heating  during  activation  was  particularly  interesting,  since  thermionic  emission 
from  impregnated  tungsten  cathodes  does  not  generally  show  a  decline  after 
continued  heating.  It  appears  therefore  that  an  activation  schedule  resiilting 
in  a  good  thermionic  emitter  does  not  necessarily  produce  a  useful  cold  cathode. 
However,  certain  processes  involved  in  the  activation  maybe  equally  bene¬ 
ficial  in  making  a  good  thermionic  emitter  as  well  as  a  practical  cold  cathode. 
This  seems  to  be  indicated  by  the  observation  that  the  impregnated  tungsten 
samples  which  were  activated  such  as  to  exhibit  thermionic  emission  more 
rapidly  showed  increased  values  of  6.  The  fact  that  the  common  activation  of 
impregnated  ttmgsten  cathodes  for  use  as  thermionic  emitters  can  be  drastically 
changed,  and  yet  a  practical  cold  cathode  can  be  obtained,  was  most  convincingly 
demonstrated  by  the  successful  operation  of  an  impregnated  tungsten  cathode  in 
a  CFA  vehicle  without  prior  performance  of  the  usual  heat  treatment.  This 
will  be  discussed  in  detail  in  the  "Phase  B"  section  of  this  report. 

The  data  on  the  effects  of  electron  bombardment  on  the  6  of 
impregnated  tungsten  cathodes  were  too  few  in  number  to  be  conclusive.  The 
conqjaratively  high  stability  of  6  under  electron  bombardment  was  encouraging 
and  is  possibly  explained  by  taking  into  account  that,  in  contrast  to  the  oxide 
film  cathodes,  the  irtq>regnated  tungsten  cathode  is  not  a  simple  compound,  but 
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a  mixture  of  reactive  components.  '\\Tiile  tie  oxide  film  cathodes  are  simply 
decomposed  by  electron  bombardment  and,  hence,  6  is  degraded,  electron 
bombardment  of  the  impregnated  tungsten  cathode  perhaps  promotes  a  chemical 
reaction  among  the  components. 

The  6  of  the  impregnated  tungsten  cathode  is  thought  to  depend  on 
the  Ba  activation  of  the  tungsten  surface.  This  can  be  achieved  by  electron  and/ 
or  ion  bombardment  since  these  factors  can  produce  Ba  from  the  oxide  impreg- 
nants  and  also  activate  surface  diffusion  to  cover  the  tungsten  surface  with  Ba. 


This  process  is  similar  to  the  continuous  activation  taking  place 
in  a  thermionic  impregnated  tungsten  cathode  during  life  as  a  consequence 
of  the  external  heating. 

In  conclusion,  it  may  be  stated  that  the  present  study  has  demon¬ 
strated  the  feasibility  of  arriving  at  oxide  film  and  impregnated  tungsten 
type  of  cathodes  whit^  deliver  sufficient  secondary  emission  and  are  stable 
enough  to  serve  as  cold  ca&odes  with  satisfactory  life  expectancies  in  CF-A'  s. 
The  results  of  the  study  have  indicated  a  strong  need  for  a  deeper  insight 
into  the  physical  and  chemical  effects  which  are  produced  at  the  surface  of 
these  materials  by  electron  bombardment  and  which  depend  on  the  initial 
state  of  the  materials  and  the  bombarding  and  environmental  conditions.  A 
better  understanding  of  the  mechanisms  involved  will  greatly  aid  in  optimizing 
the  performance  of  the  cold  cathodes. 

Etrqjhasis  of  future  work  should  flierefore  be  placed  on  the  investi¬ 
gation  of  the  bombardment-induced  surface  phenomena.  Low-energy  electron 
diffraction  and  Auger  analysis  are  considered  as  a  valuable  tool  in  ^s  study. 
X-ray  diffraction  and  X-ray  fluorescence  analysis  should  be  used  as  additional 
analytical  techniques. 

In  the  study  of  oxide  film  cathodes,  the  nature  of  the  films  as  a 
function  of  the  preparation  method  should  be  determined  prior  to  electron 
bombardment  and,  in  addition,  the  surface  changes  produced  by  various 
bombarding  and  emdronmental  conditions  should  be  investigated  and  related 
to  the  secondary  emission  behavior. 

In  hiture  work  on  the  impregnated  cathode,  the  activation  of  the 
cathode  by  electron  bonobardment  alone  should  be  explored  in  detail  in  the  EBV. 
Bo&  activation  and  opesation  of  the  activated  cathode  should  be  monitored  by 
a  mass  spectrometer  to  identify  gaseous  by-products.  As  an  additional  item 
of  interest,  the  effect  of  the  degree  of  the  porosity  of  the  tungsten  on  the 
secondary  emission  properties  should  be  included  in  fee  study. 


PHASE  B 


EVALUATION  AND  LIFE  TESTING  OF 
SELECTED  COLD  CATHODE  MATERIALS 
IN  OPERATING  CROSSED-FIELD  AMPLIFIERS 

5,  0  INTRODUCTION  -  PHASE  B 

In  a  crossed-field  amplifier  (CFA),  part  of  the  emission  current  is  out 
of  jdiase  with  the  rf  fields.  This  current  extracts  energy  from  the  rf  Held, 
bombards  the  cathode,  and  causes  the  secondary  emission  needed  for  opera¬ 
tion. 


As  explained  in  Section  2. 3,  crossed-field  amplifiers  exhibit  an  emis¬ 
sion  current  boundary  which  is  the  locus  of  emission-limited  »Tr>aTf?rn«m  cur¬ 
rent  termini  of  operating  lines  (each  operating  line  is  oMained  at  a  constant 
magnetic  field)  in  the  V-1  plane.  The  slope  of  the  enoission  current  boundary 
is  proportional  to  5-1. 

Platinum  with  a  5  of  1.  S  is  adequate  for  many  high-voltage  CFA 
tabes.  However,  larger  values  of  6  are  needed  for  lower  voltage  tubes  and 
for  higher  power  levels. 

In  Phase  B  of  this  program,  the  emission  current  boundary  data  were 
evaluated  for  several  secondary  emitting  cathode  materials  in  operating 
crossed-field  amplifiers.  The  materials  were  platinum,  beryllium,  aluTninanr-, 
(both  solid  and  thin  film),  molybdenum -doped  alumina,  and  barium  calci\im 
aluminate  impregnated  tungsten.  In  addition,  the  enhancement  of  emission 
due  to  the  introduction  of  oxygen  into  the  tube  environment  was  investigated 
for  the  berylliiim  and  aluminum  catixides. 

Extended  life  testing  was  conducted  on  the  beryllium,  aluminum,  and 
impregnated  cathodes. 

Pertinent  life  test  data  are  reported  on  platixnun  and  beryllium  cold 
cathodes  that  were  run  on  other  programs. 

6.  0  CFA  TESTING 

6. 1  QKS1319.  The  QKW1319  (illustrated  in  Figures  6-1  through  6-4) 

is  an  L-band  forward-wave  CFA  which  provides  100  kW  of  peak  power  at  13.  5 
dB  gain  over  a  100  MHz  frequency  band.  R  operates  from  a  dc  power  supply 
at  10  kV,  and  its  cold  cathode  is  poised  on  with  rf  drive  and  off  with  a  low 
energy  coxxtrol  pulse. 
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Fl«urti  6-1  QKSniV  CFA  Tewt  Vohlclo  -  Layout  Drawing 


CiS1319  Cr  A  Test  Vehicle  -  Am^e  Assembly 


Figurfc  6-3  QK51319  CFA  Test  Vehicle  -  Cathode  Support  Assembly 


Figure  6- 


QKS1319  CFA  Test  Vehicle  -  Packaged  Tube 


The  QKS1319  was  under  development  during  the  first  12  monttis  of  the 
cold  cathode  study  project.  Low  and  high  average  power  versions  of  this 
tube,  including  the  ^2KS1383,  were  used  for  several  of  the  Phase  B  secondary 
emitter  evaluation  tests  reported  here.  The  use  of  an  oxygen  source  in  a 
CFA  for  prolonging  secondary  emitter  life  was  first  evaluated  in  a  QKS1319 
test  vehicle. 

The  principal  operating  characteristics  are  given  below  in  Table  6-1. 

Table  6-1 

QKS1319/1383  Operating  Characteristics 


Frequency  Band 

Peak  RF  Power  Output 

Average  RF  Power  Output 

Pulse  Width 

Duty  Factor 

Gain 

Operating  Voltage 
Operating  Current  (nominal) 


1250  -  1350  MHz 

100  kW 

3000  W 

250  |.  s 

.03 

13.5  dB 
10  kV  dc 
22  A 


6.  1.  1  Evaltiation  of  the  polished  Pt  emitter  -  Test  Vehicle  CTV)  No.  lA. 
The  first  cathode  tested  in  the  0k^1319  was  a  p\ire  platinum  cathode  for  a 
reference.  The  emitter  surface  was  polished  to  a  nurror  finish  using  a  fine 
aluminum  oxide  paper  (Aioxite  ^00)  and  distilled  water  as  a  lubricant.  The 
assembly  was  seaded  in,  designated  TV  No.  lA,  and  was  sub;»cted  to  a 
normal  bcikeout  at  a  temperature  of  450  C  for  20  hours. 

Emission  current  boundary  (eeb)  data  are  plotted  in  Figure  6-5.  The 
catuode  produced  a  peak  current  of  approximately  3.6  peak  A  and,  as  a  con¬ 
sequence  of  the  low  emission  yield,  no  CFA  amplification  was  obtained. 

Hot  insertion  loss  data  revealed  low  anode  circuit  losses,  indicating  that 
sufficient  emission  would  have  produced  CFA  amplification. 


The  exhaust  cover  pole  asseihbly  was  removed,  and  no  exceptional 
visual  effects  were  detected.  Mechanical  inspection  of  file  cathode  centering 
showed  no  inqiortant  change.  The  cathode  pole  assembly  was  then  removed, 
and  a  visual  inspection  of  the  cathode  emitter  surface,  cathode  pole,  end 
shields,  and  anode  circuit  gave  no  evidence  of  any  exceptional  phenometna. 


6.  1.  2  Evaluation  of  the  roughened  surface  platinum  emitter  -  TV  No.  IB 
The  platinum  cathode  emitter  previously  evaluated  was  grit-blasted  wifii 
fine  alumina  particles  at  a  nozzle-to- emitter  distance  of  6  inches  and  an  air 
pressure  of  40  pounds  gauge.  The  nozzle  was  held  normal  to  file  axis  of  the 
cathode  cylinder.  The  surface  finish,  as  measured  by  the  profilometer  in 
mechanical  inspection  read  22  microinc’aes.  The  cathode  was  sealed  in 
and  the  tube  was  designated  TV  No.  IB. 
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After  bakeout,  a  power  output  of  12J  kW  was  a'lhieved,  with  an  over¬ 
all  efficiency  of  over  50%.  The  -imission  current  boundary  data  were 
creditable  and  yielded  a  cur'"ent  of  approximately  25  peak  A. 

The  current  mode  bovindary  dropped  rapidly  during  the  test  so  that  in 
10  hours  the  tube  was  no  longer  operable.  See  Figure  6-6. 

The  rapid  decay  in  emission  suggested  that  the  cathode  surface  was 
changing  with  time,  probably  because  particles  of  alumina  were  embedded 
in  the  platinum  during  the  grit-bias*-ing  operation,  either  came  otit  physically 
or  were  reduced  to  aluminum  and  oxyg'»n  by  the  electron  bombardment. 

One  experiment  produced  a  very  interesting  result.  A  platinum  cathode 
sample  was  grit-blasted  and  ultrasonically  cleaned  in  liquid  Freon.  Chemical 
analysis  proved  that  aluminum  oxide  particles  remained  embedded  in  the 
material:  therefore,  it  is  probable  that  the  secondary  current  is  enhanced. by 
the  presence  of  aluminum  oxide  in  a  grit-blasted  or  Aloxite-treated  platinxun 
surface,  and  that  the  performance  of  the  roughened  surface  platinum 
emitter  is  not  entirely  due  to  angle  of  incidence  or  to  increased  surface 
area. 


6.1.3  Evaltiation  of  Ae  lOCO  A  molybdenum-doped  A  1^0-  emitter 
TV  No.  1 C  .  A  m  Jvbden\un-doped  Al-Oj  film  ^showed  very 
good  secondary  emission  yield  L.  Phase  A  of  this  program.  A  molybdenum 
cathode  was  therefore  coated  witti  a  1000 A  molybderum-doped  A 1-0^  ^m, 
sealed  into  tiie  test  vehicle,  and  designated  TV  No,  1C. 

Initially  the  low  field  ecb  data  were  similar  to  those  of  the  roughened 
platinxun  emitter,  and  efficient  CFA  operation  was  obtained.  The  emission 
current  boundary  decreased  fairly  rapidly.  Subsequent  investigation 
placed  the  emphasis  upon  the  deteriorating  effects  of  electron  bombardment 
dissociation  (EBD),  sputtering,  and  arcing  conditions.  Plots  of  initial  and 
final  low-field  scb  data  are  shown  in  Figure  6-7. 

Sputtering,  EBD,  and  arcing,  produced  by  various  combinations  of 
current,  magnetic  field,  and  high  voltage,  wore  observed  through  the  four 
viewing  ports.  Sputtering  was  believed  to  occur  ia  tne  presence  of  a  ''blue 
glow"  which  was  seen  to  occupy  the  entire  interaction  space  volume  and 
was  always  present  when  the  CFA  was  in  its  proper  amplification  mode. 

Arcs  appeared  as  small  bright  spots  which  occured  more  frequently  and 
increased  in  intensity  at  higher  voltage  levels.  To  separate  the  effects  which 
cause  emitter  deterioration,  the  CFA  was  run  well  below  the  arc  boundary 
for  a  specified  length  of  time,  with  continuous  visual  monitoring  of  Qxe 
viewing  ports.  L.  an  arc  was  observed  during  a  test,  the  data  was  not  con¬ 
sidered  representative  of  the  effects  of  sputtering  and  EBD  alone.  Controlled 
arcing  runs  were  produced  by  raising  the  high  voltage  and  allowing  the  tubs 
to  arc  for  specified  intervals  of  time  (limited  to  approximately  2  minutes 
because  of  possible  damage  to  the  test  vehicle  anode).  In  this  short  period 
of  time,  it  was  possible  to  note  a  slight  change  in  tiie  emission  current 
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Figure  6-  6  Emission  Current  Boundary  Data  vs  Time  -  Cold 
Cathode  Study  -  TV  No.  IB  (Boughened  Platinum 
Emitter) 


botmdary  data;  however,  20  to  30  minutes  of  continuous  operation  was 
required  to  detect  emission  depletion  in  the  presence  of  EBD  and  sputtering 
alone.  After  several  test  r\ms  of  various  time  intervals  with  increasingly 
severe  arcing  and  sputtering  conditions,  the  data  yielded  conclusive  evidence 
that  a  faster  rate  of  emitter  depletion  occurs  in  an  arcing  environment. 

Both  sputtering  and  electron  bombardment  decomposition  may  contribute 
to  fte  degradation  of  6, as  evidenced  by  the  shift  in  emission  current  boxmdary. 
EBD  would  cause  the  surface  to  be  enrichf'd  in  aluminum  content  due  to  oxygen 
evolution.  It  was  suspected  that  the  EBD  mechanism  was  more  significant, 
than  sputtering  in  the  observed  loss  of  5.  In  order  to  confirm  this  suposition, 
it  was  decided  to  break  open  the  exhaust  tabulation,  expose  the  emitter 
surface  to  air  and  then  to  rebake  the  tube  in  an  effort  to  restore  the  original 
current  boimdary  conditions.  The  initial  emission  current  boundary  data  for 
this  test' vehicle,  designated  TV  No.  ID  is  shown  in  Figure  6-8.  The  device 
demonstrated  increased  emission  current  alxL\ost  to  the  initial  values  obtained 
for  the  original  1 OOOA  Mo-alumina  emitter. 

Since  the  natural  oxide  layer  on  aluminum  is  only  approximately  25  A 
thick,  the  almost  complete  recovery  of  6  due  to  air  exposure  is  interpreted 
to  mean  diat  EBD  depletion  in  the  first  25  A  of  the  surface  is  the  most 
important  depth  in  degrading  6.  This  is  consistent  with  previous  measure¬ 
ments  in  this  laboratory  which  showed  a  lack  of  dependence  of  6  on  tiie  thick¬ 
ness  of  the  oxide  layer  on  aluxxiinum  for  the  25  A  to  1000  A  range.  The  25  A 
layer  had  very  short  life;  the  ecb  dropped  gradually  as  the  tube  was  being 
run  up  to  the  normal  operating  gauss  level. 

6.1.4  Evaluation  of  beryllium  emitter  -  TV  No.  2.  Another  QKS13 19 
test  vehicle,  designated  TV  Nc.  2,  was  equipped  with  a  beryllium  emitter 
and  subjected  to  a  series  of  evaluation  tests.  The  initial  ecb  data  compared 
favorably  with  the  Mo-doped  Ai  0_  emitter.  The  effect  of  continuous  CFA 
high-voltage  operation  on  emitter  oepletion  is  shown  in  Figure  6-9. 

After  37  hours  of  high  average  power  operation  the  emission  level  was 
very  low.  The  tube  was  exposed  to  air  and  baked  out  in  the  same  manner  as 
the  iOOO  A  Mo-doped  Al-O,  emitter.  Low -field  emission  current  boiindary 
data  revealed  that  almost  1 00%  of  &e  original  current  value  was  restored, 
supporting  similar  data  for  the  Mo-doped  A l^O^  cathode. 

6. 1. 5  Investigation  of  oxygen  source  for  longer  life,  it  was  appropri¬ 
ate  to  provide  a  continuous  source  of  oxygen  during  CFA  oi>eration  to  obtain 
conclusive  information  on  the  observed  natural  oxide  emitter  depletion. 

A  method  for  providing  a  continuous  source  of  oxygen  during  CFA 
operation  was  devised,  and  the  design  and  construction  of  the  associated 
hardware  was  coxiq>leted.  The  oxygen  source  consisted  of  a  disc  of  pressed 
and  sintered  cupric  oxide  placed  in  a  container  with  a  heater.  An  experimen¬ 
tal  test  was  performed  to  determine  partial  pressures  of  oxygen  as  a  function 
of  heater  power. 
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6.2  QKS1397  Mod^  No.  8.  A  QKS1397  test  vehicle  was  constructed. 

The  tube  is  illtistrate^  in  Figure  6-10,  and  its  operating  characteristics  shown 
inTable  6-2.  It  utilized  a  stub -supported  meanderline  as  the  slow-wave 
circuit,  which  consisted  of  0.  070  in.  OD  tubings  spaced  0.  040  in.  from  a 
backwall  ridge.  The  device  also  had  an  ’’oversize*'  aluminum  (AAllOO-F) 
cathode  emitter  of  1.  702  in.  OD.  An  oxygen  source  was  incorporated  for  life 
test  evaluation  of  cathode  emission. 

Bakeout  processing  was  conducted  at  a  temperature  of  400°C  for 
12  hours.  Further  processing  was  conducted  at  Ae  test  station  with  the  use 
of  a  Vac-Ion  appendage  pump  during  initial  test  evaluation. 

Test  evaluation  of  the  tube  was  conducted  with  the  use  of  a  conventional 
pulse  modulator.  Strong  pi- mode  oscillation  prevented  proper  tube  operation 
at  the  normal  drive  power  level  of  25  to  50  kW  peak.  A  drive  power  of  200  kW 
peak  was  required  to  "lock  oi’c"  the  pi-mode  oscillation  at  a  siifficiently  low 
current  level  to  give  a-  reasonable  dynamic  operation  range  for  the  tube.  At  a 
duty  factor  of  .  001,  the  ixiaximum  peak  current  was  106  A  for  a  cathode  stress 
level  of  5.  7  A/ cm2,  xhe  peak  rf  power  output  was  1.  3  MW.  Curve  No.  8  of 
Figure  6-11  shows  the  emission  current  botmdary  for  various  magnetic  fields. 

The  pi-mode  oscillation  reappeared  for  higher  duty  factor  operation 
(du  >  .  0015}  and  prevented  normal  tube  operation.  Evaluation  of  the  tube 
was  terminated  because  the  severe  pi-mode  oscillation  was  considered  to  be 
due  to  the  large  diameter  cathode. 

6. 2. 1  QKS1397  Model  No.  8A.  The  test  vehicle  was  rebxxilt  as  model 
No.  8A  with  a  smaller  diameter  {1.  690  in. )  aliuniniim  cathode.  Bakeout  and 
initial  test  processing  remained  as  before. 

A  drive  power  of  125  kW  peak  was  now  required  to  suppress  pi-mode 
oscillation  for  a  reasonable  dynamic  operating  range.  A  peak  current  of 
98  A  was  reached  at  a  .  001  duty  factor,  representing  a  cathode  stress  level 
of  5.  3  A/cm^.  Ctirve  No.  8A  of  Figure  6-11  shows  the  emission  current 
boundary  for  various  magnetic  fields. 

Cathode  emitter  life  test  was  initiated  at  a  peak  current  of  72.  5  A  at 
a  .  OCj  duty  factor,  with  the  oxygen  source  heater  power  off.  Operation 
at  this  duty  factor  continued  for  8  hours ;  at  which  time  the  peak  current 
had  decreased  to  66.7  A.  The  solid  curve  of  Fig^ure  6-12  shows  the^peak 
tube  current  as  a  function  of  time  during  this  phase  of  the  life  test.  The 
average  power  added  by  the  CFA  at  the  initial  current  level  was  2970  watts, 
at  an  efficiency  of  46.  5%,  with  the  cathode  back-bombardment  power 
measured  as  370  watts. 

The  oxygen  source  was  then  outgassed  and  the  cathode  emission  re¬ 
plenished  to  a  peak  current  level  of  83  A  (du  =  .  001}.  The  dashed  curve 
of  Figure  6-12  shows  the  oxygen  source  heater  power  as  a  function  of  tinie- 
From  this  curve  it  may  be  observed  that  to  operate  the  tube  at  .  001  duty 
factor,  and  with  the  oxygen  source  heater  power  off,  or  at  a  reduced  power 
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Figure  6-10  QKSi397  CFA  Test  VeHicle 
S-banJ  Forward-wave  CFA 

Table  6-2  QKS1397  -  Operating  Characteristics  (Preliniinary) 


Characteristic 

Frequency  (Instantaneous  Bandwidth} 
Peak  Power  Output  {zninimum) 
Average  Power  Ou^rat  {nsinimum) 
Pulse  Width 
Gain  {minimuzn} 

Operating  Voltage 
Operating  Ctirrent  (nominal) 

*  Limited  by  present  power  supply 


Symbol 

Quantity 

Units 

f 

"3135-3465 

MHz 

Po 

1000 

kw 

P 

4000* 

W 

o 

t 

p 

15 

ps 

A 

16 

db 

28 

kV 

80 

a 
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level,  resulted  in  a  decreased  cathode  emission.  Hence,  cathode  emission 
life  evaluation  was  continued  {at  du  =  .  003)  with  the  oxygen  source  heater 
power  initially  at  55  watts.  Only  after  the  oxygen  source  heater  power  was 
increased  to  60  watts  did  the  pe^  cathode  emission  reactivate  to  72.5  A. 

At  this  peak  current  level  an  average  power  of  2700  watts  was  added  by  the 
CFA.  The  tube  efficiency  had  then  decreased  to  42.5%,  while  the  cathode 
back-borhbardment  power  remained  at  370  watts.  After  7  hours  of  operation 
at  ,  003  duty  factor,  the  peak  current  emission  had  decreased  to  54.  7  A. 

Evaluation  of  the  cathode  emission  life  continued  at  .  001  duty  factor, 
starting  at  a  peak  current  of  83  A,  The  oxygen  source  heater  power  was 
initially  55  watts,  but  was  later  increased  to  59  watts.  Figure  6-12  again 
shows  both  the  peak  current  emission  and  the  oxygen  source  heater  power 
as  a  function  of  time  for  this  operating  condition.  After  10  hours  of  operation 
at  .  001  duty  factor,  the  peak  current  had  decreased  to  66  A,  where  it  stabilized. 

The  emission  was  quite  sensitive  to  pressure,  an  increase  in  O, 
heater  power  of  only  1  watt  gave  a  corresponding  increase  in  peak  curre^ 

Cathode  emission  life  test  of  model  No.  8A  was  terminated  after  a  total 
accumulated  time  of  58  hours  to  rebuild  the  test  vehicle  with  a  modified 
alttminum  cathode  emitter  and  supporting  structure  for  improved  performance. 

6.  2.2  QKS1397  Model  No.  8B.  Test  Yehicle  No.  8A  was  rebuilt  as  model 
No.  8B  with  a  smaller  diameter  (1.  680  inches)  aluminum  cathode.  This  smaller 
cathode  diameter  conformed  more  closely  to  the  "standard"  QKS1397  design, 
which  has  shown  practically  no  pi-mode  oscillation. 

The  operating  point  selected  for  test  evaluation  was  the  following: 


f 

o 

= 

3.4  GKz 

Po 

= 

877  kW  peak 

p 

o 

= 

1770  W  average 

B 

= 

3000  gauss 

S. 

= 

100  A  peak 

®b 

= 

28  kV 

In  Figure  6-13,  the  solid  line  shows  the  peak  tube  current  and  the 
dashed  line  shows  the  oxygen-dispenser  heater  power,  both  as  a  function  of 
time.  With  an  initial  peak  drive  power  of  125  kW,  a  peak  current  of  100  A 
was  obtained  at  .  002  duty  factor.  This  level  of  emission  could  be  main¬ 
tained  for  just  over  an  hour,  after  which  it  rapidly  decayed  to  55  A.  The 
peak  drive  power  was  then  raised  to  150  kW  after  changing  to  a  .  001  duty 
factor.  The  emission  recovered  to  88  A,  but  then  a  voltage  breakdown 
occurred  within  the  tube  (due  to  temporary  loss  of  rf  drive  power),  and 
the  emission  again  rapidly  fell  off  to  55A.  The  oxygen  dispenser  was  then 
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activated  and  again  the  em-ssion  recovered  to  88  A.  However,  the  removal 
of  the  oxygen  disperser  heater  power  resulted  in  a  rapid  decline  of  the  peak 
tube  current.  The  tube  was  then  '’conditioned”  for  half  an  hour  with  onlv 
drive  power  present,  .^fter  WAicZ^  the  emission  gradually  recovered  to  80  A, 

An  internal  tube  a''c  (again  due  to  temporary  lo'ss  of  drive  power)  caused  the 
emission  to  decline.  The  emission  test  continued  fairly  smoothly  (with  a 
few  tube  arcs)  into  the  52nd  hoar,  with  emission  stabilized  at  approximately 
77  A,  but  at  52  +  hours  the  dispenser  heater  shorted  with  65  W  of  heater 
power.  V/ithout  oxygen  dispenser  power  to  maintain  a  partial  pressure 
of  oxygen  in  the  tube,  the  emission  gradually  decreased,  and  the  life  test 
was  terminated  at  approximately  82  hours. 

6.2.  3  QKS1397  Model  No.  8C.  Model  No.  8C  was  built  with  a  0.  5  mil 
evaporated  layer  of  aluminum  on  an  OFHC  copper  base  for  the  cathode.  The 
cathode  was  1.  645  in.  in  diameter  and  0.  670  in.  high.  The  initial  operating 
peak  current  level  was  chosen  at  54,  5  A,  at  the  following  operating  conditions: 

.  001 
3.3  GHz 

no  kW 

800  kW 
31  kV 
3000  gauss 

The  54.  5  A  emission  level  could  not  be  maintained,  however,  withoiit 
the  use  of  the  oxygen  dispenser.  The  oxygen-dispenser  heater  power  was 
therefore  gradtially  increased  to  60  watts,  at  which  point  the  emission  had 
recovered  sufficiently  for  operation  at  the  level  initially  selected. 

In  Figure  6-14,  the  solid  line  shows  the  peak  current,  and  the  dashed 
line  the  oxygen-dispenser  heater  power,  both  as  a  function  of  time.  The 
maximum  emission  current  available  is  also  indicated  in  the  illustration  by 
X»  s. 

In  the  18  to  22  hours  operating  period,  the  driver-tube  trigger  ampli¬ 
fier  became  unstable,  causing  the  test  vehicle  to  arc,  with  a  resultant  loss 
of  emission.  A-fter  repairs  and  emission  reconditioning,  accomplished  by 
increasing  the  oxygen-dispenser  heater  power  to  65  watts  (O2  pressure  ap¬ 
proximately  10"°  torr),  life  testing  was  continued  at  the  initially  selected 
peak-current  level  through  the  73rd  hour  of  operation.  At  that  point  the 
maximum  peak  current  available  had  decreased  to  the  operating  current  level. 

The  operating  conditions  were  next  changed  to  a  duty  factor  of  .  002 
and  a  frequency  of  3.35  GHz.  An  immediate  decline  in  the  peak  current 
available  was  observed,  although  it  could  be  recovered  by  increasing  the 
oxygen-dispenser  heater  power  to  70  watts.  However,  operation  at  this 
heater-power  level  would  have  shortened  the  oxygen  pellet  life  and  the  heater 
power  was  therefore  restored  within  a  short  time  to  65  watts. 
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Figure  6-14  (Sheet  1)  QKS1397  No.  8C  -  Life  Test  -  j..  =  nO  kW, 

B  =  3000  Gauss,  0.  0005  in.  EvapJrated  A1  on 
Cu  Emitter 
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Figure  6-14  (Sheet  2)  QKS1397  No.  8C  -  Life  Test  -  Pi^  =  HO  kW, 

B  =  3000  Gauss, 0.  0005  in.  Evaporated  A1  on 
Cu  Emitter 
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Figure  6-14  (Sheet  4)  QKSI397  No.  8C  -  Life  Test  -  =  HO  kW, 

B  =  3000  GausSf  0.  0005  in.  Evaporated  A1  on 
Cu  Emitter 
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Low  gauss  emission  current  botindary  data  taken  at  114  hours  of  life 
are  shown  in  Figure  6-15.  At  the  operating  level  of  3000  gauss  (I  =  1.25  A) 
the  ecb  was  only  44  A. 

After  approximately  120  hours  of  operation,  the  test-vehicle  trigger 
an^lifier  became  erratic,  causing  the  tube  to  arc,  and  resulting  in  a 
loss  of  emission.  The  emission  gradually  recovered  after  the  trigger - 
amplifier  unit  was  repaired.  At  140  hours  of  operation,  the  emission 
was  fiirther  improved  by  increasing  the  peak  drive  power  to  125  klV. 

After  about  10  hours  of  operation  at  this  level,  the  drive  power  was  restored 
to  110  kW,  and  the  resultant  continual  decrease  in  peak-current  emission 
was  observed. 

At  182  hours  of  operating  time  the  oxygen-dispenser  power  supply  leads 
were  shortened  by  eliminating  all  clip  leads.  This  reduced  the  lead  resist¬ 
ance,  and  thereby  increased  ihe  power  available  for  heating  the  oxygen- 
dispenser  pellet.  The  peak-current  emission  available  showed  an  immediate 
increase  to  56  peak  A,  but  again  it  cotdd  not  be  maintained.  The  peak-current 
emission  leveled  off  at  around  40  A. 


After  235  hours  on  life  die  tube  was  taken  off  the  test  set  for  a  month, 
dien  restarted  without  the  use  of  oxygen.  The  Og  and  rf  drive  were  applied 
for  five  hours,  and  then  the  O-  was  turned  off.  The  tube  then  operated  for 
90  hours  at  50  peak  A  without  oxygen.  There  were  seme  minor  equipment 
problems.which  momentarily  reduced  the  current,  but  this  was  not  the  fault 
of  the  cathode* 


During  the  90-hour  period  of  operation,  a  micro  leak,  which  had 
developed  in  a  window  weld,  supplied  a  very  limited  amount  of  oxyg^  in  the 
tube.  The  vacuum  level  was  initially  on  the  10~®  and  finally  the  10~  ' 
torr  scale  during  this  period.  The  cathode  emission  had  improved,  appar¬ 
ently  because  of  the  noicro  lea  ,  such  diat  the  tube  could  operate  at  50  peak 
A,  whereas  before  the  peak  current  was  limited  to  40  A,  even  with  the 
source  on.  The  tube  was  retubulated  and  the  leaky  weld  repaired,  but 
the  cathode  was  not  removed.  The  tube  was  rebaked  and  replaced  in  the  life 
test  station  under  the  following  conditions : 
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Figure  6-15  QKS1397  No.  8C  -  Emission  Current  Boundary- 

after  114  Hours  of  L>ife  Test  -  Evaporated  A1  on 
Cu  Emitter 
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The  initial  maximum  peak  current  was  40  to  45  A.  The  tube  had  been 
running  at  50  A  before  the  leak  developed.  An  oxygen  treatment  of  approxi¬ 
mately  1  X  10"^  torr  for  4  hours  without  the  rf  on  did  not  show  any  marked 
improvement.  The  tube  was  run  for  about  5  hours  and  then  the  source  was 
heated  while  the  tube  was  op>erating. 


The  emission  current  boundary  recovered  with  the  ©2  present,  and  the 
tube  ran  with  0_  for  8  hiours.  The  variation  in  current  during  that  time  was 
apparently  caused  by  the  modulator  and  was  not  a  tube  limitation.  The  tube 
was  retired  from  life  test  for  one  month  and  when  life  test  was  resumed, 
the  tube  ran  very  well  at  over  SO  A  peak  curient  for  10  hours.  However, 
after  being  off  over  a  weekend,  the  tube  did  not  immediately  function  well, 
but  it  finally  settled  down  and  ran  well  at  41  peak  A.  In  retrospect  the  trouble 
experienced  around  360  hours  was  caused  by  modulator  and/or  phasing  of 
the  final  tube  with  the  driver,  and  was  not  an  emission  limitation. 


The  tube  was  then  taken  off  life  test  for  about  a  week,  and  when  put 
back  on,  it  ran  poorly.  At  420  hours  on  life  test  it  was  discovered  that 
the  Vac- Ion  pump  power  supply  was  defectr/e,  indicating  a  pressure  low  on 
the  10"°  torr  scale,  while  the  tube  was  actually  on  the  lO”"^  torr  scale.  The 
leak  was  repaired  with  Permafil  and  the  power  supply  was  replaced. 

Life  test  was  resumed  at  45  peak  A.  The  tube  ran  very  v/ell  here  for 
130  hours  (this  was  the  550  hour  point)  without  any  additional  oxygen.  The 
life  test  was  then  terminated,  and  the  tube  vras  subjected  to  high  power 
testing. 


6.  2.  3.  1  QKS1397  Model  No.  8C  -  Special  tests  after  550  hours  of  life. 
The  tube  was  subjected  to  SO  hours  of  high  power  testing  after  the  end  of  the 
550  hour  life  test.  Several  low  gauss  e  vs  i  plots  were  made  to  determine 
the  actual  emission  current  boundary  (ecb).  These  plots  were  repeated  many 
times  during  the  80  hours.  Figure  6-16  shows  the  initial  data. 

The  peak  current  was  increased  from  45  to  62  A  at  .  0017  duty  cycle. 
After  9  hours  the  ecb  dropped  about  30%  as  shown  in  Figures  6-17  and  6-18 
and  5  additional  hours  of  operation  at  73  A  peak  had  little  effect  upon  the  ecb. 


Quite  often  the  tube  would  arc  badly  as  the  ecb  was  exceeded.  This 
would  increase  the  gas  pressure  in  the  tube  from  10"°  to  10"°  torr,  and  the 
ecb  wo\iid  drop  by  up  to  50%.  However,  within  5  minutes  the  ecb  would 
return  to  its  original  value. 

The  pulse  repetition  rate  was  increased  from  480  to  720  pulses/ sec  and 
the  tube  was  aged  for  3  hours  at  the  same  peak  current  level.  See  Figure 
6-18.  After  this,  the  ecb  dropped  slightly.  To  increase  the  rate  of  decay, 
the  repetition  rate  was  increased  to  1000,  producing  an  ecb  of  approximately 
75  A  at  Iin  =  0.  9  A.  The  tube  was  aged  at  a  repetition  rate  of  1000  pps 
at  a  peak  current  of  62  A  for  63  hours.  The  ecb  data  were  taken  every  few 
hours,  but  remained  unchanged  throughout.  Figure  6-19  shows  the  gauss 
line  plots  at  the  end  of  80  hours. 
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Figure  6-19  QKS1397  No.  8C  -  Emission  Current  Boundary  - 

Evaporated  A1  on  Cu  Emitter 
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The  oxygen  source  was  reheated  after  being  off  for  the  last  280  hours 
of  test.  Inumediately  tho  current  mode  boundary  increased  30%  and  stabilized 
at  this  level.  (This  zs  also  shown  in  Figure  6-19. )  The  tube  was  then  removed 
from  test  and  disassembled. 

6.  2.  3,  2  QKS1397  Model  No.  8C  -  cathode  inspection.  The  0.  5  mil 
aluminum  film  cathode  was  in  fairly  good  condition  after  being  operated  fcj 
over  600  hours.  {Figure  6-20).  There  were  several  arc  marks  on  It-,  bet 
less  than  5%  of  the  film  had  been  stripped  off.  However,  the  beryllium  oxide 
insulator  that  conducts  the  cathode  heat  to  the  water  at  anode  potential  had 
cracked  and  it  too  showed  signs  of  severe  arcing.  (This  is  the  probable  cause 
of  a  major  portion  of  the  arcing  experienced  in  the  last  100  to  200  hours  of 
life  at  the  high  voltage  levels.  ) 

The  initial  life  test  data  was  taken  at  1.  25  A  gauss  cuirent  and  32  kV 
anode  voltage  and  the  last  150-hour  segment  of  the  550  hours  life  test  was 
conducted  at  1.  0  A  gauss  current  (26  kV  anode  voltage).  The  high  duty  cycle 
and  high  peak  current  tests  were  conducted  at  0,  9  A  gauss  current  (26  kV 
anode  voltage).  At  higher  gauss  levels  the  tube  would  arc  excessively  because 
of  the  broken  insulator. 

6.  2.4  QKS1397  Model  No.  8D.  The  cold  cathode  test  vehicle  OKS1397 
No.  8C  was  disassembled  and  Ihe  cathode  was  completely  stripped.  The  parts 
were  all  chemically  cleaned  and  H2  fired,  and  the  windows  were  recoated  with 
titanium  sub-oxide  to  prevent  multi pactor  problems.  The  cathode  assembly 
and  oxygen  sources  were  replaced,  and  a  beryllium  cathode  was  installed. 

The  tube  was  sealed,  baked  out,  etc.,  with  no  problems.  The  O2  source  was 
degassed  up  to  60  watts  while  still  on  the  exhaust  station. 

The  only  electromagnet  available  for  this  tube  would  saturate  at  fairly 
low  gauss  levels.  Therefore,  the  gauss  levels  and  ecb  data  are  lower  than 
normal  for  this  cathode.  The  tube  was  tested  initially  without  the  use  of 
oxygen.  Figure  6-21  shows  the  operating  conditions  (operating  current  and 
duty  cycle)  and  the  majdmum  emission  current  available  at  the  gauss  ievels 
at  which  the  tube  was  evaluated  during  life  testing.  Daring  the  first  ilO  hours, 
the  cathode  was  evaluated  at  two  gauss  levels,  2150  gauss  (gauss  cu.'rent 
0.  85  A)  and  2000  gauss  (gauss  current  0.  75  AY,  during  the  remainder  of  the 
test,  only  the  gauss  level  of  2150  gauss  was  used. 

The  emission  current  boundary  (ecb)  dropped  by  approximately  33% 
within  the  first  11  hours  of  operation  (at  an  operating  current  of  50A  for  6 
hours  and  3lA  for  5  hours).  The  O2  source  was  then  heated  with  60  watts 
producing  a  pressure  of  ~2  x  10"^  torr.  This  did  not  improve  the  emission. 


After  about  40  heurs  of  application  of  02»  the  O2  source  power  was 
raised  to  75  watts.  This  increased  the  pressure  into  the  10~5  torr  range  and 


immediately  activated  the  cathode.  Apparently,  the  O2  source  was  not  fully 
degassed,  so  that  the  initial  pressure  of  1C“®  torr  vas  not  primarily  due  to 
02»  but  probably  due  to  desorbed  gases. 
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Figure  6-21  (Sheet  1)  QKS1397  Serial  No.  8D  -  Life  Test  Conditions 

and  Emission  Current  Boundary  -  Beryllium 
Cathode 
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Figure  6-21  (Sheet  2)  QKS1397  Serial  No.  8D  -  Life  Test  Conditions 

and  Emission  Current  Boundary  -  Beryllivim 
Cathode 


With  the  O2  source  turned  off,  ecb  dropped  by  ~28%  within  15  hours 
and  by  ~40%  within  20  hours,  i.  e.,  at  a  rate  of  about  2%  per  hour  of  operation 
at  a  „  004  duty  cycle  and  an  operating  peak  current  of  31A,  When  the  O2 
source  was  turned  on  again  (heater  power  75  v/atts)  ecb  improved  very 
rapidly,  increasing  by  10%  in  2  minutes  and  by  65%  in  6  minutes. 

Next,  the  duty  cycle  was  reduced  to  ,  002  and  the  operating  peak  current 
vas  increased  to  uOA.  Operation  of  the  source  was  continued  for  3  hours, 
with  the  result  that  ecb  remained  constant  during  this  period  (ecb  was 
75A  at  2150  gauss  and  60A  at  2000  gauss;  see  Figure  6-21.  )  Operation  of  the 
tube  with  the  O2  source  turned  off  caused  ecb  to  decay  by  about  7%  within 
the  next  6  hours.  If  one  considers  that  the  duty  cycle  was  reduced  to  half  of 
its  previous  value,  this  is  a  decay  rate  comparable  to  that  of  ~2%  observed 
after  the  first  O2  treatment. 

The  ©2  source  was  reheated  for  another  3  hours.  The  duty  cycle  and  the 
operating  peak  current  of  the  tube  remained  unchanged.  This  restored  ecb 
to  the  level  observed  at  the  end  of  the  preceding  O2  treatment. 

The  Oy  source  was  turned  off  and  the  operating  peak  current  was 
reduced  by  25%,  i.  e. ,  to  45A.  The  duty  cycle  (-  002)  was  not  changed.  The 
result  was  that  ecb  had  decreased  by  ~30%  after  22  hours  of  operation. 

The  O2  source  was  reactivated  and  operated  again  for  3  hours  without 
changing  the  duty  cycle  and  the  operating  peak  current  of  the  tu’’'»i.  The  ecb 
rapidly  increased  from  50  to  107  A,  then  leveled  off  at  95A.  This  current 
was  20  A  higher  than  the  maximum  values  achieved  after  previous  O2  treat¬ 
ments. 

With  the  ©2  source  turned  off,  operation  of  the  tube  continued  at  an 
operating  peak  current  of  45A  and  a  duty  cycle  of  .  002  for  8  hours.  The  ecb 
was  checked  every  15  minutes.  At  the  end  of  this  period,  ecb  had 
decreased  to  55A. 

The  duty  cycle  was  then  increased  to  .  004,  thus  doubling  the  average 
operating  current,  and  the  O2  source  was  operated  for  1  hour.  This  increased 
ecb  to  90A.  When  continuing  the  operation  of  the  tube  without  O2  assistance, 

ecb  was  found  to  have  decreased  to  60A  within  8  hours  and  to  55A  within 

10  hours.  This  decay  rate  is  somewhat  lower  than  that  observed  after  the 
previous  O2  treatment,  even  though  the  duty  cycle  was  twice  as  hi^  as  before. 

The  duty  cycle  was  next  reduced  to  .  002  again,  but  the  operating  peak 
current  was  doubled  (to  90A)  so  that  the  average  operating  current  was  the 
same  as  before.  Operating  the  O2  source  for  a  period  of  1  hour  activated  the 
cathode  to  an  ecb  of  110  A,  i,  e. ,  to  a  value  slightly  higher  than  the  highest 
level  obtained  previously  (107A).  The  decline  of  ecb  during  continuation 
of  the  operation  of  the  tube  with  the  O2  source  turned  off  was  very  slow  -  on’.y 
9%  during  the  first  10  hours  (from  llOAto  lOOA).  After  14  hours,  ecb  had 
decreased  to  98A,  Plots  of  ecb  made  at  this  point  are  shown  in  Figure  6-22.. 
To  reduce  the  danger  of  arcing,  the  operating  peak  current  was  decreased 
to  75A. 
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1  1  decided  to  test  the  tube  again  at  the  low  operating  current 

level  of  45A,  v/here  the  decay  rate  of  ecb  had  been  previously  quite  rapid.  The 
ecb  now  dropped  from  90A  to  82A  during  the  next  3  hours,  but  then  decreased 
more  slowly  After  the  operation  of  the  tube  had  been  continued  for  an  additional 
10  hours,  ecb  was  still  78A. 


Figure  6-22.  QKS1397  Serial  No.  8D,  Beryllium  Cathode 


'TU  source  was  reheated 

rne  02  pressure  was  held  at  lO-o  and  10-4  torr  sclles  for  10  minutes  and 

for  one  hour  before  the  tube  was  started.  Tliis  was  dene 
to  check  cathode  actuation  by  O2  with  the  rf  off.  When  the  tube  was  restarted 

activation  or  emisaion  erftancement  aa  a  roault  of 
admitting  O2  with  the  rf  power  off. 


The  run  was  co.ntinued  for  another  25  hours  wuth  ecb  stabilizing  at  70A. 

At  the  end  of  the  program  the  tube  had  accumulated  187  hours  of  li^e 
test  and  was  still  m  good  operating  condition. 

.  .  .  ^  lest  of  beryllium  oxide  emitter  for  1000  hours  in  QKS1Z67.  Lif* 

test  inforn^tion  was  accumulated  on  a  cold  beryllium  oxide  cathode  operating 
Se  4^,1^  of  QKS1367  Amplitron.  ^Tiile  not  part  of  this  program, 

S  r-  because  of  their  direct  relations  to  the  goals  of 

QKS1267  was  built  as  a  means  of  avoiding  a 
problem  in  tne  normal  thermionic  cathode  arising  from  an 
cyS^  *  ^-eqoinng  a  tube  to  operate  at  both  a  very  low  and  a  very  high  duty 
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In  place,  of  the  regular  emitter,  a  beryllium  emitter  was  installed  in  the 
QKS1267;  an  oxygen^dispenser  was  also  incorporated.  The  tube  was  processed 
and  tested  normally.  It  was  established  that  the  oxygen  dispenser  required 
about  5.  0  V  and  7.  0  A  to  maintain  stable  cathode  emi  sicn  for  more  than  short 
periods  of  operation  in  the  customer's  transmitter.  Operation  at  3-  5  A  peak, 
which  is  the  normal  current  for  the  tube's  rated  60  kW  (peak)  output,  was 
maintained  uneventfully  for  274  hours.  It  then  became  necessary  to  raise  the 
applied  dispenser  voltage  to  5.  5  volts  to  counteract  a  decreasing  emission 
limit  -  only  2.  8  A  peak  over  part  of  the  specified  2.  9  -  3.  1  GHz  band.  This 
change  rapidly  increased  the  emission  to  normal,  and  the  test  was  continued 
for  a  total  of  1000  hours  without  any  trouble  attributed  by  the  customer  to  the 
tube. 


The  1000-hour  test  was  operated  16  hours  per  day  on  5  and  6  day  work 
weeks,  with  the  freouency  changed  10  MHz  every  hour  and  power  measure¬ 
ment  made  every  4  hours.  The  operating  point  was  the  following: 


27  kV  (cathode  pulsed) 

3.  5  A  r^ak 
95  mA. 

34  microseconds 
800 
.  027 

60  kW 

1 , 620  kW 

1.6  kW 

No  perfcrmance  deterioration  was  observed  during  or  after  this 
The  cold  cathode  emitter  stress  levels  were  as  follows; 

2 

Average  Current  Density;  15,  2  niA/cm 

Peak  Current  Density;  0, 56A/cm^ 

Average  Power  Dissipation 

Density;  30W/cm^ 
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The  average  current  and  power  dissipation  levels  in  the  QKS1267 
are  close  to  those  required  in  the  QKS1397  forward-wave  CFA  Cold  Cathode 
Study  test  vehicle  at  the  5000  watt  average  power  output  level  (22  mA/cm^ 
and  37  W/cm^,  respectively).  The  peak  current  density  of  the  QKS1397 
(4.  5  A/ cm^)  and  other  high  peak  power  CFA*  s  is  greater  than  that  in  the 
QKS1267.  However,  both  peak  and  average  back  bombardment  current 
densities  are  probably  significant  to  cold  emitter  life.  It  is  true  that  the 
effective  secondary  yield  required  of  the  QKS1267  emitter  is  low  {6gff  =  1*4) 
compared  to  that  required  of  the  QKS1397  emitter  =  3.4  for  1  MV/, 

2.  2  for  0.  5  MW)  because  of  the  low  peak  operating  current.  For  another 
reason,  however,  the  QKSI267  requires  very  good  secondary  emission  not 
available  from  a  platinum  cathode.  This  is  the  low  unity  -6  crossover 
energy  required  to  provide  reliable  jitter-free  rf  starting  at  the  1.6  kW 
peak  rf  drive  level  specified  for  the  tube.  No  trouble  was  experienced 
with  rf  starting  throughout  the  1000-hour  QKS1267  operating  test. 


The  QKS1267  1000-hour  test  is  believed  to  be  significant  in  establish¬ 
ing  that  oxygen- stabilized  cold  cathode  emission  can  be  achieved  from  an 
oxide-film  secondary  emitter  cathode  in  a  moderately  high  average  power 
CFA  environment. 


6.4  The  S-band  QKS1194.  The  QKSli94  illustrated  in  Figure  6-23 
is  an  S-band  backward-wave  CFA  employing  a  double-strapped  vane 
Amplitron  slow- wave  structure.  The  tube  provides  1  Mw  peak,  15  kW 
average  power  output  over  the  2800  -  3200  MHz  range.  It  features  inter¬ 
changeable  cathode  heater  and  coolant  assemblies  for  the  initial  activation 
and  operation  of  its  thoria-tungsten  secondary  emitter.  This  feature 
niade  it  readily  adaptable  as  a  vehicle  for  eval\iating  that  class  of  cold 
secondary  emitters  which  must  be  thermally  activated  before  tube  aging 
and  processing.  See  Figure  6-24  for  the  internal  hot/ cold  cathode  structure. 
It  operates  cathode  pulsed  at  50  kV  and  33  peak  with  a  mean  peak  current 
density  of  1.  5  A/cm^.  tube  dimensions  are: 


Anode  Diameter 
Anode  Height 
Cathode  Diameter 
No.  of  Vanes 
Drift  Space 


1.320  in. 
1.350  in. 
.815  in. 

17 

1  vane  width 


The  QKS1194  was  sealed  in  with  a  barium  calcium  aluminate  impreg¬ 
nated  matrix  cathode.  The  impregnated  cathode  is  a  good  primary  emitter 
when  operated  in  the  1000  to  1200  ^  region.  Normally  ^t  operates  with  a 
thin  film  of  barium  aind  probably  calcium  (less  than  a  monolayer  thick)  on 
oxygen  on  tungsten.  At  the  operating  temperature  the  alkaline  earth  alu¬ 
minate  IS  reduced  slowly  by  a  reaction  with  the  tungsten,  forming  free  barium 
and  calcium  atoms  to  replace  those  lost  by  thermal  evaporation  and  sputter¬ 
ing. 
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The  secondary  electron  emission  ratio  for  the  impregnated  cathode 
as  determined  in  Phase  A  of  this  program  is  approximately  1.  8  before  the 
cathode  is  activated  and  rises  to  3.  5  to  4  upon  thermal  activation.  During 
life  test  as  a  thermionic  emitter  the  6  normally  drops  to  2.  0  to  2.  5 

Although  the  QKS1194  had  a  means  foi  thermally  activating  the 
impregnated  cathode  it  was  feit  desirable  to  start  and  run  the  tube  without 
the  use  of  thermal  activation.  The  information  would  be  useful  for  tube 
types  that  do  not  have  a  heatable/ coolable  cathode  structure. 

The  tube  was  sealed- in,  baked  out,  and  set  up  as  the  final  amplifier 
in  a  S-band  chain  test  setup.  The  tube  was  aged  with  rf  drive  power  only 
at  20  kW  peak  at  .  02  duty  cycle.  This  causes  some  bombardment  of  the 
cathode  and  some  gas  evolution.  After  rf  drive  processing,  the  tube  started 
up  very  easily  -  without  heating  the  cathode. 

Several  low  gauss  e  vs  i  plote  were  taken  during  the  initial  few  hours 
of  operation.  An  initial  plot  Figure  6-25  indicated  a  moding  condition. 

Later,  low  gauss  e  vs  i  plots  showed  single-mode  operation  (Figure  6“ 26 
and  6-27.  The  tube  was  put  on  life  test  under  the  following  conditions^  . 


% 

(Ar.cdc  voltage- cathode  pulsed) 

46  kV 

(Average  anode  current) 

600  mA 

^b 

(Peak  anode  current) 

33.3  A 

t 

*D 

(Pulse  duration) 

80  p  sec 

r' 

Du 

(Duty  factor) 

.  018 

P 

o 

(Average  output  power) 

20,  0  kW 

Po 

(Peak  output  power) 

J .  1  MW 

Gain 

13  dB 

Peak  Cathode  Current  Density 

•  -  .  ,  2 
i.  o  A/  cm 

Average-Ca'hode  Current  Density 

27.  0  mA/  cm' 

The  tube  ran  very  well  for  356  hours  as  shown  in  Figure  ^'-28. 
Operation  was  smooth  and  trouble  free.  .Lov/-gauss  emission  current 
boundary  data  indicated  no  deterioration  of  the  emission  (Figure  6-29). 

After  356  hours  of  life  test,  the  tube  started  gassing  up  and  arcing. 

An  analysis  showed  that  a  leak  had  developed  in  the  cathode  water  jacket 
at  or  near  the  copper-to- molybdenum  joint.  The  leak  was  repaired  with 
Permafil. 

The  corrosion  of  molybdenum  by  water  has  been  experienced  recently 
in  other  types.  A  nickel  plating  on  the  inside  of  the  molybdenum  would  have 
prevented  this  problem. 
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Figure  6-25  QKS1194,  (Impregnatid  Tungsten  Emitter) 
Low  Gauss  e-u  -  iv,  Initial  Data 


VOLTAGE 


-  121  - 


m>ltE6ll/lTED  TUUSSTEI)  EMITTEi) 


nit  - 

225 

^  - 

80 

V  : 

HE 

kV 

DRIVE  r  = 

50 

ktt 

OUTPUT  P  = 

1.) 

m 

-J - 1 - 1 - 1 - - - L 

50  100  ISO  200  250  30 

LIFE  TEST  (HRS) 

Figure  6-28  QKS1194,  -  Gold  Cathode  Life  Test 
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Figure  6-29  QKS1194,  -  Low  Gauss  e-i  Plots 


The  tube  was  off  the  life  test  station  for  3  months.  The  vacuum  was 
monitored  for  the  first  month  and  appeared  to  bs  holding  up,  but  when  the 
tube  was  put  back  in  test  it  had  lost  its  vacuum. 


6.  4-  1  Scrap  analysis.  After  the  impregnated  cathode  was  removed 
from  the  QKS1194,  it  was  evident  that  water  had  corroded  the.  molybdenum 
to  copper  joint  and  had  leaked  in.  Barium  calcium  aluminate  is  very  hygro¬ 
scopic.  Thus  the  cathode  had  absorbed  a  large  quantit*/  of  water,  had  swollen 
up  and  cracked,  and  a  white  oxide  layer  had  formed  over  its  surface. 

6.  4.  2  Suitimarv  of  principal  results. 


a. 


Aluminum  and  beryllium; 


i.  The  naturally  oxidized  surface  of  solid  aluminum  or 

beryllium  is  in  the  order  of  25  A  thick.  These  surfaces  show 
a  high  5  of  around  3  to  5,  but  do  not  stand  up  under 
electron  and/or  ion  bombardment  in  CFA  operation. 


2.  The  dispensing  of  a  low  partial  pressure  of  oxygen 

within  the  tube,  about  lO""^  to  10~^>  torr,  is  effective 
in  restoring  A1  and  Be  cathode  emission  to  values 
near  the  original  levels;  emission  recovery  usually 
takes  place  more  rapidly  when  the  tube  is  kept  in 
operation  during  the  administration  of  oxygen. 


3.  The  emission  required  for  a  given  peak  and  average 
tube  power  output  level  can  be  maintained  for  pro¬ 
longed  periods  of  time  (over  1000  hours)  fronri  an  A1 
or  Be  cathode  with  oxygen  di.spenser  heater  power 
adjusted  to  provide  sufficient  oxygen  to  coxmteract  the 
emission  decay  mechanism,  at  least  up  to  the  averags 
current  levels  explored  (15  m<\/cm^). 


4.  The  need  for  decrease"  during  life. 

5.  Working  limits  for  oxygen-assisted  cathodes  have  not 
yet  been  established,  but  the  observed  need  for  more 
©2  pressure  at  higher  duty  factors  in  a  given  design 
suggests  that  the  upper  limit  depends  upon  the  average 
current  density  required  and  fee  maximum  gas  pressure 
that  can  be  tolerated  before  normal  tube  amplification 

is  affected  or  interelectrode  arcing  is  caused. 


b.  Impregnated  tungsten  emitter: 

1.  The  impregnated  tungsten  emitter  (impregnant:  barium- 
calcium  aluminate)  was  operated  without  oxygen  at  a 
moderately  high  average  current  density  (27  mA/cm^) 
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for  356  hours  without  any  indication  of  emission  decay. 

Any  emission  deterioration  mechanism  which  may  exist 
for  this  emitter  in  the  QKS1194  must  therefore  proceed 
at  a  very  slow  rate. 

c.  Platinum  emi'.tcr: 

The  plain  platinum  emitter  evaluated  in  the  QKS1319  showed  a  very 
low  emission  current  boundary  as  expected  for  alow  voltage  tube. 
Other  data  on  an  S-band  platinum  cathode  tube  at  Raytheon^  showed 
trouble  free  CW  operation  up  to  400  KW,  where  the  operating 
current  density  was  over  600  mA/cm^  and  the  cathode  bom¬ 
bardment  power  density  was  600  watts/ cm^. 


7.0  DISCUSSION  OF  RESULTS 

7.  1  Emission  current  boundaries  .  The  secondary- emission- limited 
emission  current  boundary  of  a  CFA  employing  a  cold  cathode  depends  on  the 
effective  secondary  emission  ratio  (6eff^  cathode  surface.  The  energies 

and  angles  of  the  back-bombarding  electrons  are  unknown,  but  a  means  for 
estimating  has  been  devised.  The  effective  6  in  the  CFA  therefore  can  be 
estimated. 

In  the  absence  of  a  thermionic  contribution,  the  available  anode  current 
may  be  expressed  as 

^a  ""  ^bb  (2) 

where  I  is  the  available  anode  current 

a 

6  „  is  the  effective  6  in  CFA  taking  account  of  energy  and 
eff 

angle  spectrum  of  back-bombarding  electrons. 


^b 


is  the  back-bombarding  electron  current. 


The  dependence  of  I  on  the  anode  voltage  will  depend  on  the  assumption  or 
approximations  made  for  i .  If  we  assume  that  L  ,  is  proportional  to  I  ,  the 
characteristic  current  of  tne  crossed-field  device,  shen  we  obtain  the  result  that 
is  proportional  to  Thus,  the  perveance  represented  by  the  emission 

current  boundary  (ecb)  would  be  proportional  to  (^eff**^^*  However,  it  is  found 
that  a  better  fit  to  experimental  ecb  data  of  our  own  and  others  is  obtained  by  a 
linear  relation  of  the  form 


I 

a 


b  (6  ^,,-1)  (V^ 


-  V 
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Vj  is  a  threshold  voltage  and  reflects  the  fact  that  6  decreases  to  below 
1.0  at  the  "first  crossover"  voltage.  .Figure  7-1  shows  emission 
current  boxmdaries  in  the  QKSi319  CFA  test  vehicle  for  several  cold 
cathodes,  namely  platinum,  aluminum,  beryllium,  and  a  1000  A  film 


of  30%  Mo-70%  Al^O,  on  a  Mo  substrate.  If  we  assume  that  for 
P  is  1.  8,  we  may^  compute  6  for  other  cathodes  in  the  same  CFA 
by  noting  that  the  slope,  dla/d"^  ,  of  the  ecb  is  proportional  to 
{6^^j.-l).  The  following  values  of  6^^  are  thus  obtained: 


Cold  Cathode  Material 

6eff 

A1 

5.8 

Be 

4.6 

30%Mo-70%  Al^O^  film 

2.2 

Secondary  emission  measurements  of  an  aluminum  or  beryllium 
sample,  having  on  its  surface  a  thin  oxide  film  of  25  to  50  A  thick  from 
exposure  to  20  C  air,  yield  values  of  6mair  of  2.0  to  2.5.  These  values 
are  much  lower  than  6  in  a  CFA.  Optimally  oxidized  alrmiintmi  or 
beryllium  samples,  however,  do  have  5rr>ay  values  of  4  to  6.  Possible 
explanations  of  the  anomalously  high  S^ff  aluminum  or  beryllitim 
cathodes  in  a  CFA  are: 

a.  Special  effects  of  the  thin  dielectric  film  at  the  cathode  surface 
on  the  back-bombardment  current. 

b.  Enhancement  of  6  due  to  tube  operation^  involving  a  change 
in  the  nature  of  the  oxide  film.  This  has  been  shown  to 
happen  after  long  time  exposure  to  oxygen  during  tube 
operation. 

c.  Greater  preponderance  of  grazing  incidence  for  back-bombarding 
electrons  in  the  case  of  the  oxide  film. 


7.  2  A luminum.  CiKS1397  No,  8A  and  8B  showed  that  a  solid 
al'ominum  cathode  with  its  natural  oxide  layer  will  have  good  secondary 
emission  initially,  but  that  its  lifetime  under  the  condition  imposed  by 
the  CFA  operation  is  in  the  order  of  a  few  hours. 


Tests  showed  that  the  electron  bombardment  will  dissociate  the  thin 
oxide  film  and  allow  the  oxygen  to  escape.  If  a  steady  source  of 
oxygen  is  available  to  replace  that  lost  by  electron  bombardment  dissociation, 
the  secondary  emission  level  should  remain  high. 

Tube  No.  8A  and  8B  showed  that  if  the  oxygen  pres^re  as  measured 
bv  the  attached  Vac-Ion  pump  was  approximately  1  x  10"  torr,  a  peak 
emission  level  of  70  A  (4  A/cm^)  could  be  maintainea  and  when  the  oxygen 
is  removed,  the  ecb  gradually  decreased. 
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Figure  7-1.  Emisulon 


QKS1397  No.  8C,  which  had  an  evaporated  layer  of  A1  on  a  copper  base 
cathode*  showed  similar  results.  This  cathode  required  an  pressure  high 
in  the  10"^*  torr  range  to  maintain  good  emission  initially. 

After  240  hours  of  testing*  this  tube  could  operate  at  50  A  peak,  even 
without  the  use  of  O2.  A  possible  explanation  is  that  the  cathode  became  sat¬ 
urated  witli  O2  as  a  consequence  of  the  bombardment  by  O2  ions  with  energies 
up  to  30  kev.  These  high-energy  O2  ions  may  be  implanted  several  atomic  dis¬ 
tances  deep  into  the  cathode.  Since  the  O2  is  not  merely  adsorbed  at  the  surface* 
but  is  actually  buried,  it  cannot  be  released  easily.  Thus  the  thin  AI2O3  film  on 
the  aluminum  surface  v/ill  undergo  a  gradual  transition  to  O2  near  the  surface 
of  the  cathode.  The  low  O2  pressure  of  the  residual  air  in  the  tube  may  then 
be  sufficient  to  maintain  this  configuration. 

The  ecb  tests  performed  during  the  special  tests  of  this  tube  after  the 
completion  of  the  5S0-hours  of  life  testing  caused  periods  of  arcing  which  were 
detrimental  to  the  cathode  and  resulted  in  a  decrease  of  the  ecb  from  110  A  to 
around  75  A.  Nevertheless*  this  ecb  level  was  nxaintained  (without  the  assis¬ 
tance  of  O2)  2ven  though  the  operating  peak  current  was  increased  to  62  A 
and  the  duty  cycle  was  doubled.  Furthermore*  the  addition  of  O2  at  the  end 
of  the  special  tests  increased  the  ecb*  indicating  that  reactivation  of  the  cathode 
was  possible. 

In  summary*  the  results  show  that  a  pro*  _rly  processed  aluminum  cathode 
will  produce  a  good*  stable  emission.  Optimum  processing  probably  means 
subjecting  the  cathode  to  high  energy  O2  ion  bombardment  and  then  providing 
a  low  partial  pressure  of  O2  in  the  tube  during  life  to  maintain  the  cathode  at  a 
state  of  equilibrium. 

7.3  Mo-doped  Al^Oj  film  .  The  1000  A  Mo-doped  A 1  ^O^  film 

(30%  Mo  -  70%  Al^O^,  TV  No.  1C  and  ID,  acted  very  similarly  to  a  plain 
aluminum  cathode,  "n  had  good  secondary  emission  initially,  but  after 
23.  5  hours  of  operation  at  .  002  duty  cycle  it  was  nearly  depleted. 

After  the  cathode  was  exposed  to  air  again,  the  emission  recovered, 
indicating  that  the  thin  surface  oxide  film  was  the  most  important  and  that 
the  remainder  of  the  1000  A  layer  was  immaterial. 

Since  the  Mo-doped  A1_0  film  had  no  better  performance  than  plain 
aluminum,  fliere  is  no  apparenr  justification  fcr  using  it. 
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7.4  BeirylHum.  The  behavior  of  the  beryllium  cold  cathcde  was  very 

similar  to  that  of  the  aluminum  cathode.  Both  metals  form  a  tenacious 

oxide  film  in  the  order  of  25  A  thick  upon  exposures  to  air-  This  film  is  adequate 
to  give  good  emission  for  a  few  hours  of  life  only  at  low  duty  cycle. 

After  37  hours  of  operation  of  the  beryllium  cathode  in  QKSI3I9 
No.  2,  at  .  01  duty  cycle  the  cathode  emission  was  depleted  (Figure  6-9). 

Exposing  the  cathode  to  air  again  temporarily  restored  the  initial  emission  . 

With  the  addition  of  oxygen,  beryllium  makes  a  very  good  secondary 
emitter.  The  life  test  on  QKS1397  No.  8D  was  carried  out  with  the 
source  off  most  of  the  time  after  the  cathode  had  become  activated.  Extra 
oxygen  treatments  were  used  only  periodically  to  reactivate  the  emission. 

The  most  significant  aspect  of  this  life  test  is  the  emission  decay  rate 
during  the  last  80  hours  of  life  test.  At  45  peak  A,  .  002  duty  cycle  (5  mA/cm 
average),  the  decay  rate  was  rapid  -  about  50%  in  8  hours  (Figu;re  6-21).  After 
rejuvenation  by  oxygen  for  one  hour  at  the  same  peak  current,  but  twice  the 
duty  cycle,  the  decay  rate  had  decreased  v/hen  the  tube  was  subsequently  oper¬ 
ated  under  the  same  conditions,  but  in  the  absence  of  Oy.  Then  the  peak  cur¬ 
rent  was  doubled  to  90  A  at  .  0C2  duty  cycle  and  O2  was  admitted  for  one  hour. 
Upon  removal  of  the  O^,  the  decay  rate  was  much  lower. 

One  might  erroneously  assume  that  the  higher  peak  and  average  current 
is  less  harmful  to  the  emission  level,  but  this  is  not  the  case.  The  peak  current 
was  later  reduced  to  45  A  at  .  002  duty  cycle  and  the  decay  rate  was  still  very 
low.  This  test  shows  that  the  nature  of  the  cathode  surface  has  constantly 
changed  during  life,  such  that  electron  bombardment  dissociation  was  suppres¬ 
sed.  The  mechanisms  involved  may  be  assumed  to  be  the  same  as  those  sug¬ 
gested  in  the  discussion  of  the  aluminum  cathode  of  Test  Vehicle  QKS1397  No.  8C. 

7.5  Impregnated  tungsten  cathode.  The  impregnated  tungsten 
emitter  in  the  QKS1194  worked  very  well.  The  fact  that  it  did  not  require  a 
thermal  outgassing  and  activation  cycle  was  very  surprising.  At  an  average 
current  density  of  27  mA/  cm^,  and  a  moderate  duty  cycle  of  •  018,  the  tube 
ran  very  well  for  over  350  hours.  The  emission  current  boundary  stayed 
practically  constant  after  the  initial  few  hours  of  processing. 

Thi«  cathode  consists  of  a  txxngsten  matrix  with  the  pores  filled  with 
a  molten  mixture  of  barium- calcium-aluminate  compounds.  During  acti\'a- 
tion  as  a  thermionic  emitter,  the  barium-caicium-alxuninate  is  reduced  very 
slowly  by  a  reaction  with  the  tungsten.  The  tungsten  surface  becomes 
covered  with  barium  and  calcium  on  oxygen  about  one  atomic  layer  thick. 

Probably,  the  aluminate  becomes  rich  in  metallic  ions  also,  which  should 
increase  its  conductivity  and  the  emission  level. 
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The  secondary  emission  ratio  of  an  impregnated  cathode  is  usually  low 
initially,  approximately  1-8,  then  rising  to  3.  5  to  4.  0  with  thermal  activation, 
and  later  dropping  to  2.  0  to  2.  5.  In  the  CFA,  the  eiecron  bombardment  appar¬ 
ently  caused  sufficient  activation  without  heating  to  produce  very  good  secondary 
emission.  After  12  hours  of  test  and  up  through  the  3S6  hours,  the  low  gauss 
e  vs  i  plots  were  very  stable  (Figures  6-26,  6-27,  and  6-29).  At  25  kV  over 
35  A  were  available.  The  tube  operating  level  for  1. 1  MW  output  was  only 
33  A  at  46  kV. 

The  impregnated  cathode  in  the  QKS1194  may  be  compared- with  the 
tungsten-thoria  cermet  and  platinum  cathodes  that  were  used  in  the  same 
tube  t^fpe  on  other  programs.  At  the  normal  operating  gauss  level,  the  platinum 
cathode  had  an  emission  current  boiondary  of  23  A  at  46  kV.  The  tungsten- 
thoria  cermet  had  an  ecb  of  around  60  A,  which  is  according  to  general  expe¬ 
rience  about  the  same  as  that  for  the  impregnated  cathode. 

The  secondary  emission  ratio  of  platinum  is  1.  3-  Although  more  ecb 
data  would  be  desirable  at  lower  gauss  levels  for  the  platinum  emitter,  one 
can  use  fhe  1.  8  figure  to  estimate  the  6  of  the  impregnated  cathode  during 
life  as  being  around  2.  2.  This  is  the  same  value  foxind  in  the  secondary 
emission  test  vehicle  in  Phase  A  for  the  impregnated  catiiodes. 

The  initial  high  activation  seen  with  the  matrix  cathode  indicated  a  6 
of  over  3.  5.  At  this  time,  the  tube  was  moding,  which  makes  the  data 
difficult  to  interpret,  but  the  S  value  of  3.  5  compares  with  the  phase  A 
secondary  emission  value  of  3.  5  to  4  found  upon  initial  activation  of  the 
impregnated  cathode.  By  twelve  hours  the  emission  level  and  tube 
operation  had  stabilized  at  2.  2  and  remained  so  throughout  life  test. 

The  initial  high  emission  level  for  the  impregnated  cathode  without 
thermal  activation  was  not  expected.  Also,  the  maintenance  of  the  high 
secondary  emission  level  for  over  550  hours  with  the  cathode  cold  was 
still  more  surprising.  It  is  assumed  that  the  primary  mode  for  ezxiission 
enhancement  is  the  dipole  layer  on  the  surface.  The  dipole  layer  (Ba-O-W^) 
is  retained  by  much  higher  energy  levels  than  those  associated  with  the  binding 
energy  of  an  oxide.  Also,  the  dipole  layer  should  be  fairly  transparent  to  the 
high  energy  bombarding  electrons. 

Even  though  only  one  CFA  life  test  was  performed  on  the  iiiq)regnated 
cathode,  its  excellent  operation  warrants  further  testing. 

In  the  use  of  the  cathode  as  a  thermionic  emitter  even  a  very  small 
trace  of  oxygen  will  cause  severe  poisoning,  A  trace  of  oxygen  will  destroy 
the  electro  positive  dipole  layer  needed  to  lower  the  work  function  of  the 
cathode  surface.  The  QKS1194  test  vehicle  incorporated  an  oxygen  source,  but  it 
was  not  used.  A  high  secondary  emission  ratio  is  partly  dependent  upon  an  electro¬ 
positive  layer  also,  (but  not  nearly  as  much  as  a  thermionic  emitter),  so  that 


the  use  of  ojcygen  with  this  type  of  emitter  might  decrease  its  secondary 
emission  ratio-  Hov/ever,  the  contribution  of  the  Ba-Ca-aluminate  impreg- 
nant  to  6  might  he  enhanced  by  0-. 

7-  6  Platinum.  Smooth  platinum  has  a  6  of  1.8  and  a  low  voltage 
unity  crossover  of  approximately  350  volts-  This  6  v/as  not  high  enough 
for  the  QKS1319  with  its  relatively  low  operating  voltage  (10  kV).  However, 
for  higher  voltage  tubes  where  the  peak  power  requirements  may  be  satis¬ 
fied  by  an  emitter  with  a  6  of  1-  8,  platinum  is  the  ideal  choice. 

Platinum  is  a  noble  metai.  It  will  not  form  stable  oxide  films  at  the 
surface.  It  can  become  contaminated  only  by  nhysicallv  covering  it  wi^h 
a  foreign  solid  material  -  such  as  sputtered  copper  from  the  anode.  Tests 
on  some  very  high  power  CFA’ s  at  Raytheon  have  shown  that  a  platinum 
cathode  can  be  poisoned  by  tube  arcing  when  the  platinum  is  physicallv 
covered  by  copper  sputtered  from  the  anode.  However,  if  the  cause  oi  the 
arcing  is  removed,  subsequent  tube  operation  at  a  reduced  power  level  will 
cause  the  copper  layer  to  be  eroded  and  iuU  power  can  be  restored. 

7.  7  Guideline  for  choice  of  CFA  cold  cathode  materials.  Guidelines 
for  the  choice  of  cold  cathode  emitter  materials  for  crossed-field  tube 
applications  are  suggested  by  the  available  CFA  data.  These  guidelines  are 
sumxxuirized  below. 


Average  Emission 

6  Current  Density  Recommended 

Required  Required  Emitter  Type 

2 

>2.4  <  15  mA/ cm  Oxygen-assisted 

A1  or  Be 

1.  9  -  2.  5  <30  mA/ cm^  impreg.  W 

<  1.9  -  Pt 


The  tentative  Irniits  suggested  above  are  shown  relative  to  average 
emission  current  density  in  the  crossed-field  amplifier.  Normally  this 
current  density  is  probably  (within  a  factor  of  two)  equal  to  the  back-bom¬ 
bardment  electron  flux  experienced  by  the  emitter  surface.  Actually,  it 
is  these  electrons  and  their  ener  gy  level  which  probably  determine  the 
rate  of  emission  deterioration. 

The  available  CFA  cathode  current  is  directly  dependent  on  the  Slater 
interaction  space  parameter  "I  "  and  the  quantity  (6  -  1);  where  6  is  the 
"effective"  secondary  electron  yield  required  to  achieve  the  operating  current 
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in  a  given  CFA  design  when  the  available  rf  drive  level  and  tube  operating 
voltage  are  moderately  high.  Rf  drive  levels  of  less  than  1-2  kV/  peak 
and  operating  voltages  less  than  about  10  kV  may  require  use  of  a  more 
active  (high  6)  emitter  than  would  be  expected. 

No  average  current  density  limitation  is  anticipated  for  the  Pt  emitter. 
Such  a  limitation  may  exist  for  the  oxygen-assisted  type  of  emitter  if  the 
oxygen  pressure  required  is  detrimental  to  tube  performance.  However, 
that  level  was  not  reached  during  testing  up  to  15  mA/cm^.  Further 
testing  may  establish  such  a  limit,  while  further  developments  may  raise 
or  eliminate  it. 

Asa  conclusion  drawn  from  the  above  tests,  we  have  demonstrated 
with  several  cold  cathode  CFA’ s  a  life  performance  of  up  to  1000  hours 
with  no  indication  of  a  life  limitation.  Oxygen  stabilization  can  indeed 
achieve  very  long  life.  Oxygen  source  life  of  10,  000  hours  in  a  high  stress 
level  CFA  (such  as  the  QKS1397)  is  believed  to  be  achievable.  Both  platinum 
and  impregnated-tungsten  cold  cathodes  can  be  employed  in  applications  and 
tube  designs  requiring  6*  s  of  up  to  1.  8  to  2.  5,  but  higher  6  requirements 
call  for  oxide-film  cold  cathodes. 
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